
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at |http : //books . google . com/ 







REPAIRED BY 

WISCONSIN 

W P A 

BOOK REPAIR 

PROJECT NO- 



Datey^J..134. 



t 






(») 



Bousfield's Timber Merchants' V.M., 
Boyd's Coal Pits, ^s, td. [4J. 

Boyd*s Petroleum, 2j. 
Bnun, Flatau's Atlas of, i6j. net 
British Locomotives, Cooke, 'js. 6d, 
Brodie's Dissections, 2/. 2J. 
Browne's (Jukes) Geology, 2j. 6d, 
Buckniirs Submarine Mining, iZf. 6d, 
Building, Black, 3^. 6^. 

Cabinet Making, 5^. 

Cakes, Marshall, is. 

Calculus, DifT. and Intg., 3^. 6d. 

Cambrian Minstrelsie, 2/. I is. 

Carriage and Footways Construction, 

Central Station Bookkeeping, ioj. 6d, 

Chambers* Astronomy, 2s, 6d. 

Chemist's Compendium, 2s, 6d. net. 

City and Guilds Exam. Programme, 
net lod, ; post free, is. yi. 

Coal Mining, Walker, 2j. dd. 

Coal Pits, Boyd, 7^, &/. 

Colliery Lighting, 2s, 6d, 

Colour in Woven Design, 2IJ, 

Cooke's Locomotives, Ts, 6d, 

Cooking, Jack, 2s. 

Cox's Continuous Current Dynamos, 
7s.6d. 

Crapper's Elec. Measurements, 2s, 6d. 

Crehore and Bedell's Alternating 
Currents of Electricity, los, 6d. 

Crellin's Bookkeeping, u. 6d, Key, 
2s. net. 

Crests, Fairbaim, 3/. 3^. 

Crosby and Bell's The Electric Rail- 
way,, los, 6d. 

Cruikshank's Boiler Construction, 
7J. 6d. 

Cunarders (New), 6s. 

Davies' Guide to Mining Exams. 9 2 

parts, is, 6d, each. 
Dawson's Electric Railways, 30f, 
Denning's Cabinet Making, 5«, 
Designing, Leland, 2J. 
Dictionaries, Technological. 
Dictionary of Medical Terms, lOf. 6d, 
Discount Tables, is. 
Dissections Illustrated, Brodie* 

Part I., Ss, 6d, Part II., lOr. 

Part IIL, los. Part IV., loj. 

In One Volume, 2/. 2s, 
Dittmar's Rontgen Rays, 9^. net. 



Drainage, Beardmore, 5/, 

Naclieine, is, 

Drau£[htsmen's Work, is. 6d, 
Drawmg and Desirrning, 2s, 

Barter, 3J. 6d, 

Dredge's Chicago Exliibition, 3/. 31. 

Electric Illumination, Vol. IL, 

30s. 

Modem French Artillery, 5Qf« 

Pennsylvania Railway, 52X. 6d. 

Drum Armatures, p. 6d. 

Durham University Calendar, is, 6d. 

Dynamo, Bottone, 2s, 6d, [net, 

Building, Walker, 2s, 

Parkhurst, 4s. 6d. 

— Gibbings, is, 

Hawkins and Wallis, lor. 6d, 

How to Manage, Bottont, u, 

Machinery, Hopkinson, 5j. 

Strange History, is. 

Tenders, H. B. Badt, 4s. 6d. 

&c., Kapp, los. 6d. 

Dynamos, Continuous Current, Js. 6d. 

Education, Pracflbal, 6s. 

Egleston's Metallurgy, 2 vols., 31J, 

6d. each. 
Electric Bell Hangers, H. B., 4^. 6d. 

Bells, Bottone, 3s. 

Illumination, by Dredge and 

others, 30^. 

Influenpe Machines, 4;. 6d, 

Lamps, Fleming, 7j. 6d. 

Lamps, R. Kennedy, 2J'. 6d. 

Lamps, Ram, 7j. 6d. 

Light Cables, Russell, p.^. 

Light Carbons, is. 6d. 

Light Fitting, AUsop, 5^. 

Light Installation, Salomons',- - 

3 vols. Vol. I., Accumulators, 5^. 

Vol. II., Apparatus, 'js. 6d. 'TRol. 

III., Application, 5^. 
Light Installations, Salomons', 

I vol., 6s. 

— Light and Power, Guy, $s, 
Lighting, Bax, 2s, 

— Lighting of Colliery, 2s. 6d. 

Lighting, Guide to, is. 

Lighting Specifications, 6s, 

— r- Lighting, Maycock, 6^. 
Lighting, Segundo, is. 

Lighting, T. C.'s Handbook, w. 

Motive Power, Snell, los. 6d. 

Railways, Crosby & Bell, lOf. 6d» 



A 



^. 



(3) 



Electriq Railways, Hering, 5j. 

Railways and Tramways, Daw- 
son, 30J. 

Traction, Reckenzaun, lOf. 6</. 

Transformers, Kapp, 6j. 

Transformers, Weekes, 2S, 

Transmission, Badt. 

Transmission of Energy, Kapp, 

lOJ. 6d, 

^ Wiring, Badt, 4s, 6d, 

Wiring, Noll, 6s. 

Wiring Tables, 2j. 6d, 

Electrical Engineering, 4;. 6d, 

Engineering, Biggs, 2^. 6d. 

Engineering Formuloe, ^s, 6d. 

Engineering, Kapp and others, 

42J. 

Energy, Kapp, lOf. 6d, 

Enei^y, Plante^ I2j. 

Engineers* Tables, &c., 2s, 

Experiments, Bonney, 2s. 6d. 

Distribution, Kilgour, lOf, 6d. 

Instrument Making, 3J. 

Lab. Notes, Fleming, 12s. 6d, 

net. 

Measurements, Arithc. of, is, 

Notes, Kennelly, 6s. 6d, 

Terms, Houston, 2IJ. 

Electricity, Alternating Currents of. 
Bedell and Crehore, lor. 6d. 

-, Alternating Currents of, Blakes- 

ley, 5J. 

Alternating Currents of, Flem- 
ing, 2 vols., 25 J. 

Alternating Currents of, Kapp, 

4J. 6d. 

Alternating Currents of, Experi- 
ments, Tesla, 4f. 6d, 

Forbes, 2J. 6d, 

ICX3 years ago, 4J. 6d. 

Portative, Niblett, 2s. 6d, 

Houston, 3 vols., \y.6d, 

and Magnetism, Bottone, 2s. 6d. 

and Magnetism, Maycock, 2s.6d. 

in our Homes, Walker, 6^. 

Primers, yi. each. 

Static, Atkinson, 6s. 6d,, 

Electro-chemistry, Gore, 2s. 

Electro-deposition, Gore, i^. 6d, 

Electro-magnetic Theory, Heaviside, 
Vol. I., 125. 6d, 

Electro-motors, Bottone, p. 

Electro-platers* H. B., Bonney, 3^. 

Electrolytic Separation, Gore, lOf. 6d» 



Engineer Draughtsmen's Work, ix. 6^ 
— - Fitting, 51. 
English Minstrelsie, 4/. 
Ewing's Induction, iQf. 6d. 
Explosives, Guttmann, 2 Vols., 2/. 2f. 

Fairbaim's Book of Crests, 2 Y0I8.9 

4/. 4J. 
Findlay*s English Railway, 7/. && 
Fitting, Homer, <^s. 

Electric Light, Allsop, 5^. 

Fitzgerald's Nav. Tactics, is. [net. 
Flatau's Atlas of Human Brain, i6f. 
Fleming's Transformers, Vol. I., 

\2s. 6d. Vol. II., \2s,6d, 

Electric Lamps, *J5, 6d, 

Electric Lab. Notes, I2j. 6d, net. 

Fletcher's Steam-jacket, Is. 6d. 
Foden's Mechanical Tables, is. 6d, 
Forbes' Electric Currents, 2s. 6d, 
Forestry, Webster, 3J. 6d. 
Formulae for Electrical Engineers, 

^s. 6d. 
Forth Bridge, 5j. 
Foster's Central Station Bookkeeping, 

lOf. 6d. 
Fox-Davies* Book of Crests, 4/. 47. 
Armorial Families, 5/. 5j. 

Gaseous Fuel, \s. 6d, 
Gatehouse's Dynamo, is. 
Gearing, Helical, Ts. 6d, 
Gcipel and Kilgour's Electrical 

Formulae, *js. 6d. 
Geology, Jukes-Browne, 4f. 
German Technological Dictionary, ^s. 
Gibbings' Dynamo Attendants, is, 
Godfrey's Water Supply. 
Gore's Electro-chemistry, 2s, 

Electro-deposition, is, 6tL 

Metals, lOf. 6d, 

Gray's Influence Machines, 4;. 6d, 
Griffiths* Manures, 7j. 6d. 
Guttmann's Explosives, 2 vols., 2/. 2s, 
Guy's Electric Light and Power, 5J. 

Hatch's Mineralo|;y, 2s, 6d, 
Haulbaum's Ventilation, is, 
Hawkins* and Wallis*s Dynamo, 

los. 6d, 
Heat Engines, Anderson, 6s, 
Heaviside*s Electro-magnetic Thcoxy, 

Vol. L, I2r. 6^. 
Helical Gears, Is. 6d, 



ALTERNATE CURRENTS 
IN PRACTICE 



Lopp^ and Bouquet's Alternate Currents in Practice. 

Translated by Mjffett. I&j. 

Blak€sley*s Alternating: Currents of Electricity. 

Stiirs Alternating* Currents and Theory of Trans- 
formers. . 

Bedell and Crehore*s Alternating Currents of 

Electricity. io«.6</, 

Steinmetz*s Theory and Calculation of Alternating 

Current Phenomena. io«. M. 

Houston and Kennelly's Alternating Electric 

Corrents. 6». 

Kapp's Altetaating Electric Currents. 4s. 6J. 
Kapp's Transf(»iners for Single and Multiphase 

Currents. 6«. 

Kapp*s Electric Transmission of Energy. lOss. $d. 
Hawkins and Wallis's The dynamo. lOs. 6d. 
Salomons' Electric Light Installations. 

Vol. I.— ACCUMULATORS. .6». Vol. II.— APPARATUS. 7«.6<f^ 
Vol. III.— applications. 6r. 

RusselFs Electric Light Cables. 75. 6^?. 

Haycock's Alternating^ Current Circuit. 2^. 6d. 

Haycock's Electric Lighting and Power Distribu- 
tion. 2 Vols. Vol. I. 6». 



London: WHITTA.KEB & CO., Paternoster Square, E.C. 



ALTERNATE CURRENTS 

« 

IN PRACTICE 



TRANSLATED FROM THE FRENCH OF LOPPf AND BOUQUET 

BY 

FRANCIS J. MOFFETT, B.A.(Lond.) 

ELECTRICAL ENGINEER TO THE COLONY OF LAGOS, WEST AFRICA 

ASSOCIATE MEMBER OF THE INSTITUTION OF ELECTRICAL ENGINEERS 

LATE SCHOLAR OF THE UNIVERSITY COLLEGE OF N. WALES 



WITH .288 ILLUSTRATIONS 



WHITTAKER & CO. 

2 WHITE HART STREET, PATERNOSTER SQUARE, LONDON 
AND 66 FIFTH AVENUE, NEW YORK. 
1898 ^ 



PRINTED BY 

SrOTTISWOODB AND CO., NEW'STRBBT SQUARE 

l-ONDON 






1 UD 



PREFACE 



This translation of the work of MM. Lopp^ and Bouquet has 
been made under the impression that it will fill a gap in Electrical 
Engineering Literature. 

To the best of my knowledge there is no work in existence in 
England at the present time which treats in a practical manner 
the whole range of Alternating Currents of Electricity. MM. 
Jj>pp6 and Bouquet systematically traverse the entire field, as 
will be seen on reference to the table of contents, and derive their 
information impartially from English, French, German, and 
American sources. English readers will thus be enabled to 
inform themselves of the current practice in other countries 
beside their own. 

1 have to request the indulgence of my readers to any errors 

in the text, as the proofs have been corrected during residence in 

tropical Africa, where there is a great tendency for one^s E.M.F. 

to drop. 

FRANCIS J. MOFFETT. 

Lagos, West Africa : 
December^ 1897. 
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CHAPTER I 

ALTERNATORS 

§ I. Belative Dimensions of Coils and Pole-pieces 

In works on the theory of alternating currents it is shown that 
the electro-motive-force of an alternator fluctuates very nearly 
according to the law of sines, and the formulae for finding the 
average and maximum induced electro-motive-forces are there 
deduced. We shall examine in greater detail the form of the 
curve in the case of a disc alternator, on the supposition that the 
magnetic flux passes directly from one pole-piece to the other 
without any leakage, and that the curve may exhibit sudden varia- 
tions, which in practice are flattened out by the self-induction. 

The name * pitch ' has been assigned to the distance between 
the axes of two consecutive pole-pieces. 

The form of the curve depends on the relative breadths of the 
pole-pieces and coils compared with the length of the pitch. 
Mr. Kapp has investigated the question in the following manner : 
Suppose that the breadth of the pole-pieces is equal to half the 
pitch (figs. I, 2, and 3), that is to say, the intervals which separate 
these pole-pieces are equal to their breadth. 

If the coils are formed of very fine wire, which encloses a 
space the section of which has exactly the same breadth as the 
pole-pieces, it is easy to see that the electro-motive-force curve has 
the shape shown in fig. i. 



2 ALTERNATE CURRENTS 

If the copper of the coils has the same breadth as the pole- 
pieces and does not enclose any space inside, curve c (fig. 2) will 
be the result. 

If the space inside has a certain breadth, in addition to the 
breadth of the copper, so that the coil is of larger cross-section 
than the pole-piece, curve c (fig. 3) will be obtained. 
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It is possible in the same manner to trace out the curves for a 
ring alternator. 

If 2 M be the number of magnetic fields in the case of an 
alternator with reversed fields (figs, i, 2, and 3) ; b the number 




Fig. a 



of lines of force emanating from one pole ; m^ the number of 
armature coils; «i the number of turns of one coil; n the 
number of revolutions per minute of the alternator ; and f the 
frequency, 
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T being the time taken by one complete alternation. Substituting 
we get 



F = 



MN 

65"' 



The variation in the flux of induction through a coil whilst passing 
from o to o' will be 

B — (— b) = 2 B. 

The time taken being -, the average E.M.F. will be for one turn ; 
2 



2B 
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Fig. 3 

For the «i turns of one coil, and for the ntx coils we shall have 

e^ =4BM/«i«i — - 
60 



=r4BM;? 



65* 



n being the total number of turns in series. 

Expressing the average E.M.F. in volts we shall have 

tf« = 2 B (2 m) « ~ Io^^ 
00 



In the case of an alternator, the magnetic fields of which are not 

B2 
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reversed, as in the Mordey type of machine (fig. 4), if/ denotes 
the number of pairs of pole-pieces, or the number of magnetic 
fields, we shall have 

p _ / N _ I 
60 T* 

The variation in the magnetic induction through the coil between 
o and o' will be b, and the average E.M.F. will be expressed as 



2 B 



N 



^a = T= — = 2B/gJ. 
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The total average E.M.F. expressed in volts will be 

e„=: 2Bpn^ io-«. 
00 

The values of the effective and maximum E.M.F. in relation to 
the average E.M.F. depend on the shape of the curve. 

In all cases it is possible to denote the effective E.M.F. by the 
following expression : 

<r, = K B (2 m) « — 10"®, or in general 
= KA, 



K being twice the ratio of the effective to the average E.M.F. 
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In the case in which the curve is sinusoidal, we get 

'9 

.*. K= 2*22. 

If the curve has the shape indicated by figs, i and 4, we get 

<?* = <?a = <?« 

K = 2. 

If the curve has the shape indicated by fig. 2, we get 

e?^ = 2-Oe?^, K= 2-32. 

Mr. Kapp has arranged in a table the different values of k when 
the dimensions of the pole-pieces and coils vary in relation to the 
pitch. 



No. 


Breadth in relation to the pitch 


Value of K 




Of the pole-pieces 


Of the coils 




I 


I 00 


I 00 


i-ooo 




2 


I 00 


I '00 


•580 




3 


I 00 


•50 


•817 




4 


•62 


•50 


2 -060 




5 


•50 


I 00 


1635 




6 


•50 


•50 


2-310 




7 


'33 


•33 


2-830 




8 


Sinus 


oidal 


2 -220 





In the case of a Mordey machine the pitch is half the distance 
between two adjacent pole-pieces. 

In practice the self-induction considerably flattens the abrupt 
variations of the curves, and it may be assumed without much 
inaccuracy that the curve is a sinusoidal one, so long as the ratios 
between the breadth of the pole-pieces and coils approximate to 
those given in the sixth line of Kapp's table. 

Different methods are used to trace the E.M.F. curve of an 
alternator, and we shall investigate them in a subsequent chapter. 
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When there are twice as many coils as pole-pieces, the latter 

are equal in breadth to half the pitch. Elihu Thomson has found 

that when there are just as many 
coils as pole-pieces, it is an advan- 
tage to make the core of the coils 
a little less than the breadth of the 
pole-pieces, so that the total breadth 
exceeds half the pitch. 

The armature, instead of being 
provided with coils, may be furnished 
with a bar — i,e, with a drum wind- 
ing ; this arrangement is used espe- 
cially for low-potential polyphase 
alternators. .When this is the case 
the pole-pieces, whether inside or 
outside the armature, must neces- 
sarily produce reversed magnetic 
fields. Fig. 5 gives the plan of con- 
nections of a 4-pole machine, and 

fig. 6 shows the variation of the E.M.F. 

If B is the total number of lines of force emanating from one 

pole, F the frequency, n the number of revolutions per minute, 

and/ the number of pairs of pole-pieces, we get 
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^a = T = 2 B/ 

2 



N 
60 



It is easy to see that the effective E.M.F. is equal to the average 
E.M.F., on examining the curve of fig. 6, and we have therefore 



As there are 2/ bars, the total E.M.F. expressed in volts will be 
The maximum E.M.F. will be^^ e^. 
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It is possible to place several bars side by side or on the top of 
one another, and it is easy to see that the whole armature space 



-h' 














Fig. 6 



corresponding to the interval between the pole-pieces may be filled 
up with a group of bars as shown in fig. 7. 

The curve will then be of the shape shown in fig. 7. 
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If b is the number of bars in series, we shall have 
3b 



tf ^ = T ^ 2 1^bp 
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The ratio of the effective E.M.F. to the average E.M.F. may be 
deduced from the shape of the curve ; if k represents twice this 

ratio, it is easy to see that the 
I total effective E.M.F. in volts 

^ will be given by the expression 

oo 

The conductors may be con- 
nected in series either in the 
manner shown in figs. 8 and 9 
or as indicated by fig. 10. 

The value of k may be 
calculated without integrating 
by dividing the curve by means 
of ordonnates into a certain 
number of equal parts and 
measuring the mean ordonnate of each part ; if the sum of the 
squares of these mean ordonnates is divided by their sum the 

value of - is obtained. 
2 

The conductors are usually placed in channels, cut in the lami- 
nated discs of the armature, from which they are insulated by means 




T 



2 
3* 



3 

4' 



— W 

Fig. 9 



V_ 



^ . — 



T" 

2' 



.3' 



4' 



Fig. 10 



of tubes of vulcanised fibre or mica. With this arrangement the lines 
of force are not cut by the conductors, but, if the expression may 
be used, slip round them, so that there are no Foucault currents 
induced in the conductors, and it is possible to make the latter of 



ALTERNATORS 



large cross-section. This disposition of the conductors has the 
further advantage that it imparts mechanical strength to the 
winding, and also that it allows of a 
considerable reduction in the length of 
the air-gap. 

When the conductors are placed in 
holes (fig. ii) these must be placed as 
near as possible to the surface of the 
armature, so as to prevent the lines of 
force completing their circuit without 
passing through the loops of the con- 
ductors. 

If the conductors are placed in grooves of rectangular section, 
we get a toothed armature as shown in fig. 12. The grooves may 




Fig. zz 





Fig. 12 



Fig. 13 



also be made of the sections shown in fig. 13 according as it is 
required to place one or more conductors in tke same groove. 



§ 2. Influence of Self-induction 

It is well known that self-induction causes the current to lag 
in phase behind the impressed E.M.F., so that the apparent 
resistance is increased. 

The power is then the product of the effective E.M.F., the 
effective current, and the cosine of the angle of lag, instead of the 
product of the effective E.M.F. into the effective current, as is the 
case where there is no self-induction. 

In order to transmit the same power when there is self- 
induction in the circuit as when the circuit is non-inductive, it is 
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necessary either to increase the effective E.M.F. or the effective 

current. The increase of the first involves greater excitation, and 

of the second a greater line loss. 

The self-induction (both of the armature and of the external 

circuit) has, therefore, a deleterious effect from the point of view 

of the transmission of energy. In one 
respect, however, it is an advantage to 
have a little self-induction in the ar- 
mature ; the reason will be evident if we 
employ the graphic method of treat- 
ment used by Mr. Blakesley. 

Let o E (fig. 14) represent the im- 
pressed or induced E.M.F. e^ and we 
have : 

0E= mE^y m being a constant. 

Fig. z4 

Let B E represent the E.M.F. due to the 
self-induction of the armature (l^= self-induction, i = current) : 

B E = »l K L^ I. 

Let BC represent the E.M.F. lost in overcoming the resistance r 
of the armature, and we have : 

BC^= mrh 

Let A c represent the E.M.F. due to the self-induction of the ex- 
ternal circuit, and o a the E.M.F. at the terminals of the alternator. 

If the alternator is short-circuited and the induced E.M.F. 
remains constant (as a matter of fact it is slightly diminished in 
consequence of the armature reaction), we can find the value of 
the effective current by the following construction. 

Draw through o a line o e' parallel to c e : o e' represents the 
induced E.M.F. ; e' a' the E.M.F. due to the self-induction of the 
armature; oa' the E.M.F. lost in overcoming the armature 
resistance. 

The maximum current i^ when the armature is short-circuited 
will be given by the equation : 



e' a' = w K L« i^ 



i.= 



E'A' 



E'A' 



mKL^ E B 
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If the coefficient of self-induction l^ of the armature is 
sufficiently large, the current density in case of a short circuit 
can never rise to a dangerous degree. An alternator furnishing 
current to a motor may be short-circuited when the motor is 
pulled up : it is an advantage in this case to have some self- 
induction in the armature. 

It is very difficult to determine the best value of the self- 
induction of an alternator : for on the one hand it must not 
interfere too much with power transmission, and on the other 
hand it must prevent the current density from reaching a dangerous 
value in case of a short-circuit. 

Kapp, after testing alternators by the best makers, found that 
the E.M.F. of self-induction should not be less than 20% or more 
than 40% of the terminal E.M.F. (/.^. -4 ao > be > '2 ao). 

The self-induction in 
any given armature varies 
with the excitation, for the 
magnetic resistance varies 

in proportion to the amount 

of magnetic induction 

through the iron. 

Professor Ayrton found 

that the self-induction of 

a Mordey alternator was 

from '036 to '038 of a 

quadrant when the machine 

was not excited, and that it 

decreased by 14% when 

the field was excited. The 

coefficient of self-induction 

varies according to the relative pdsitions of the armature and poles. 
At the Gratz Technical College, experiments were made with 

a little alternator, a section of which is shown in fig. 15. The 

particulars of the machine were as follows : 




Fig. x5 



Normal power 

Number of poles . 

Frequency 

Induction through air-gap 

Resistance of armature . 



400 watts 

4 

100 

5,000 C.G.S. units 

1*6 ohm. 
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Measuring the coefficient of self-induction in six positions by 
Maxwell's method, the following results were obtained : 



Position of 
anoAture 


CoefiSdent of self-induction 


1 Position of 
1 armature 


Coefficient of self-induction 


I 
2 

3 


527 X 10* cms. 
51-2 X io» „ 
47*1 X io» „ 


4 

1 


47*1 X 10* cms. 
509 X lO» „ 
527 X IO» „ 



The mean value is 48'8 x 10* cms. = '00488 quadrant. 
The values in diflFerent positions are given by the following 
expression : 

10* (48*8 + 3*9 cos 4 a) cm. 

a representing the angular distance through which the armature 
is moved from the first position. The variations are thus 8% above 
and below the mean value. These variations must cause a defor 
mation of the curves of E.M.F. and current, and consequently the 
lag of the current behind the E.M.F. varies at each instant. 

Influence of the Frequency. — We will compare two alternators 
A and B of the same type, the same power and number of 
revolutions, and we will suppose that the current furnished by a 
has double the frequency of that of b. 

If the alternator a has a frequency f, n be the number of 
revolutions, and 2 Mi the number of fields, we shall have : 

F= i= ^*- 
T 60 



M, = 



60 F 



For the alternator b, the frequency will be -, and the number of 

2 

poles 2 M2 will be given by the equation : 

F_ M2N 

2 60 



A therefore will have twice as many magnetic fields as b, and also 
twice as many armature coils. 
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The effective E.M.F. being the same, we have (s, s^ = areas, 
^i ^2 = induction) 

For A :— <?, = K Si <t| (2 Ml) m^ «i ^ io-« volts. 

00 

For B :— ^^ = K Sa ^^2 (2 Mg) m^ «2 -^ lo"' volts. 

60 

whence 

Si $1 (2 Ml) ^i »i = S2 ^2 (2 M2) tn^ »2- 
We know that 

Ml s 2 M2, and ^1 = 2 ^2) 

ntx and ^2 being the number of armature coils ; whence 

4S1 $1 Hx s= 33^2^8* 

If we take ^1 =3 ^j, we shall have 

4 S} fll ^ Sj ^^2* 

If, in order to satisfy this equation, we make »2 = 4 »b ^^t is to 
say, if we place on an armature coil of b four times as many turns 
as on a coil of a, the self-induction will be four times as great ; 
the same will be the case if we make S2 = 4 Si. 

The self-induction of a coil of b will be four times the self- 
induction of a coil of A : and as a has twice as many coils as b, 
the total coefficient of self-induction of b will be twice that of a. 

If we make the section of the pole-pieces of b four times that 
of A, keeping the same number of turns per coil, the pitch must 
be doubled : the external diameter of the alternators will be the 
same. The wire wound on an armature coil of b will be twice 
the length of wire wound on a coil of a, and as the connecting 
wires will be twice as long for b, we shall have exactly the same 
length of wire on the two armatures, so that the resistance will be 
the same. The same will be the case with the field-magnet and the 
cost of excitation will be the same for b as for a. 

If we adopt the same section for the pole-pieces, we must 
double the number of turns of each armature coil of b ; the pitch 
will be the same for both, and the external diameter of b will be 
half that of A. 

The resistance of the armature will be almost the same for b 
as for A (the length of the connecting wires of a will be double 
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those of B, but, on the other hand, the wire on the coils of b will 
be a little longer owing to the increased diameter of the outer 
turns), whilst the length and resistance of the wire on the field- 
magnet coils of A will be twice those of b : the cost of exciting b 
will therefore only be half that for a. 

If the alternators both supply current to a circuit without self- 
induction, the lags will be the same for both. 

The angle of lag for the alternator a will be : 

for the alternator b. 

Since 2 Lj = Lj, we have 0i = 0a. 

When the alternator is short-circuited, the effective current will 
be: 

tor A I* = ~~7= — / — ^ , ^ ; 

' >/2 N/Ri^ + y^iUi* ' 

h 

for b, since Rj = r,, Lg = 2 Lj and k^ = - , 

2 



''">/2 >/r,2+>&i«Li2* 

Consequently the short-circuit current is the same for both. 

The net cost of the low frequency alternator will, in view of the 
above investigation, be a little less than that of the high frequency, 
but the difference will not be so great as one would imagine at 
first sight. In all cases the low frequency alternator will have a 
smaller lag, for it will be practicable to increase the magnetic 
induction through the field-magnet cores (making ^^ > *,) since 
the loss due to hysteresis will be less. 

§ 3. Armature Beaction 

The following investigation clearly demonstrates that the 
armature reaction depends on the self-induction of the armature 
and external circuit. 
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Suppose the armature of a disc alternator to be displaced in 
the direction of the arrow f (fig. 16), the arrows i, 2, 3, &c., 
indicating the direction of the magnetic induction. From a to b 
the magnetising force decreases, and consequently a current will 
flow through the armature coil in such sense as to create a field of 
the same sign as the magnetising force, that is in the direction of 
the arrow i. It is easy to see that from b to c the current through 
the coil will still create a field in the direction of arrow i, since, 
although the magnetising force is now increasing, it has changed 
to the direction indicated by arrow 2 : from c to e the current will 




Fig. 16 

flow in such sense as to produce a field in the opposite direction 
as shown by arrows 2 and 3. 

If the armature circuit possesses no self-induction, the current 
for each position of the coil will be represented by the sine 
curve fl, ^, r, dy e^ which will be bophasal with the curve of E.M.F. 

AVhen the coil is moved from a to b and from c to d, the 
magnetising force and the induction through the armature coil are 
in the same direction : whilst when it is moved from b to c and 
from D to E the magnetising force and the induction through the 
armature coil are in opposite directions. As the lengths a b, b c, 
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c D, and D B are equal, it will be seen that there is, on the whole, 
no armature reaction. 

If the armature circuit possesses self-induction the current will 
lag behind the induced E.M.F. and will be represented by the 
curve g, hy /, ^, tn. It is easy to see that from a to g, from b to i, 
and from d to m, the induction through the armature coil is 
opposed to the magnetising force, whilst from g to b and from i to 
D the induction and magnetising force are in the same direction. 
If the lag is 90*^ the magnetising force and the induction 
through the armature coils will be continually opposed to one 
another, and the demagnetising effect will be a maximum. 

By inserting in the circuit a condenser it is possible to decrease 
the lag of the current behind the E.M.F. and so reduce the 
excitation necessary. In alternators with armatures containing 
iron, the flux of induction from the pole-pieces undergoes varia- 
tions which arise from the differences in the permeability of the 
magnetic circuits ; whenever a coil with iron core is between two 
poles the magnetic resistance of course decreases. The exciting 
current varies therefore considerably in its instantaneous value. 

Calculation of Armature Beaotion. — ^This is a very complex 
question, but it is clear that the reaction is proportional to the 
value of the armature current. As we have just seen, an increased 
lag increases the demagnetising effect, but it is not possible at 
first sight to determine whether the reaction is simply proportional 
to the angle of lag. 

The shape of the coils and of the pole-pieces, as well as the 
amplitude of the current curve, will naturally have their effect on 
the reaction. 

The value of the reaction is not constant but is a periodic 
function of the time ; as the exciting circuit, however, possesses, 
necessarily, a large coefficient of self-induction, we shall not be 
far wrong in assuming it to have a constant value. The de- 
magnetising effect, or back ampbre-tums, may therefore be deter- 
mined by integrating the instantaneous values for a whole period. 

If X represent the back ampbre-turns at a given moment, the 
total ampere-turns to be added to the field circuit will be 

/^ yidt 
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It should be pointed out that x is the product of the instantaneous 
value of the current into the number of turns which occupy such 
a position on the armature that the current through them exer- 
cises a demagnetising effect on the field magnet cores. The 
solution of this integral is often complicated, if not impossible, 
but in the simple case when the breadth of the pole-pieces and 
coils is equal to |-pitch (which is the case with most alternators 
in practice), it is possible to obtain an approximate solution. 

If is the angle of lag and n the total number of turns of an 
armature coil, we get as the total number of ampere-turns to be 
added to one coil : 

ni Itc . \ . 

Integrating this for a whole period : 

I being the effective current. Expressing ^ in degrees, 
Xi = -0156 « 1 9®. 

For example, for a machine of 100 k.w., the effective current 
being 50 amperes, the number of turns of one armature coil 80, 
and the angle of lag 20 degrees, we have the following expression 
for the back ampere-turns : 

•0156 X 80 X 50 X 20 = 1,248. 

The excitation must therefore be increased to compensate for the 
1,248 back an^>^re- turns due to armature reaction. 

We have seen above that (supposing the E.M.F. remains 
constant) if the self-induction of the armature of an alternator is 
large enough, the alternator may be safely short-circuited. As in 

case of a short circuit the lag is considerable (tan ^ = — and r 

the armature resistance is very small), the armature reaction is 
very large. This tends to diminish the intensity of the field, and 
consequently the induced E.M.F. also, which helps to still further 
lessen the short circuit current. 
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When the armature reaction reaches a certain value the alter- 
nator may be made self-regulating for constant current ; in fact, as 

the total resistance of the circuit diminishes, tan ^ = - increases 

and at the same time the armature reaction increases, so th^t the 
E.M.F. in the armature decreases. 



§ 4. Determination of the Efficiency 

When a sufficiently powerful prime motor is at one's disposal, 
the efficiency may be determined by means of a brake, wattmeter, 
ammeter, and voltmeter. 

Mr. Mordey, at the meeting of the Institution of Electrical 
Engineers on February 23, 1893, showed a method, which is 
applicable in the case in which the prime motor is not of 
sufficient power to drive the alternator at full load. 




~.\i 






Fig. 17 

In order to determine the mechanical and electrical losses 
when the power at disposal is not sufficient to run a dynamo at 
full load. Dr. Hopkinson invented a method of connecting two 
machines, so that one acted as generator and the other as motor, 
the latter assisting the engine. 

For alternators with several coils, this method may be modified 
in the following manner. The armature circuit may be divided 
into two unequal parts and joined up in opposition (fig. 17). 
These two parts generate unequal E.M.Fs., so that one acts as 
generator and the other as motor. 

The current is measured by an ammeter, and the E.M.F. by 
means of a voltmeter, joined up to the ends of the circuit. When 
the excitation, the speed, and the effective current correspond to 
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those at full load of the alternator, the mechanical and electrical 
losses are the same. 

When testing a 250 k.w. alternator the following results were 
obtained : 

The effective current was 60*25 amperes ; the difference of 
potential at the points of connection 1,656 volts, which correspond 
to a load of 

2 X 60-25 X 1*656 watts or 199*5 ^-w- 

The motive power in excess of the power required when not 
excited was 6*37 k.w. as measured by an indicator on the engine. 
The loss by Foucault currents being 3 kilowatts (determined by 
finding the power necessary to drive the machine on open circuit 
when excited — the power when not excited), there remained a loss 
of 3*37 kilowatts. 

The calculated c^r loss was 3 63 k.w., the armature resistance 
being i", which practically corresponds with the above loss of 
3"37 k.w. 

The power spent in exciting was i'365 k.w. Therefore the 
commercial efficiency was : 

_ load 
load 4- losses 

- ^99'5 



199-5 + 10735 

The losses being 3 k.w. in friction, 1*365 in excitation, 6-37 k.w. 
in c^R and eddies. 




Fig. 18 



In order to avoid mechanical measurements, the arrangement 
shown in fig. 18 may be adopted, a is an alternator driven by an 
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engine, a' the alternator of which the efficiency is to be deter- 
mined. The part m of the latter alternator acts as a motor, and 
the part g as a generator, transmitting current through a resist- 
ance R. 

Instead of sending the current through a resistance r, the 
arrangement shown in fig. 19 may be adopted. In this case the 
armature, 4', of the alternator to be tested is divided into three 
portions, a, ^, and r, which are joined up so that the portions 
a and b neutralise one another so i^ as E.M.F. and power are 
concerned, while the portion c takes current from the alternator a 
and drives the alternator a'. A single wattmeter reading taken at 
the terminals will then give the whole of the power expended in 
the machine, including mechanical and electrical losses as well as 
excitation if the exciter is driven by the machine. 




Fig. 19 

These methods are simple and give good results. There is 
only one objection of little practical importance — viz. that the 
mechanical losses are not calculated very exactly: these losses 
are certainly different in the case of a machine acting as a motor 
to what they are when the machine is either directly or belt- 
driven. 

§ 5. Single-phase Alt^niators with Eevolving Field-Magnet 
and Stationary Armature 

In this type of alternator the exciting current, which is usually 
furnished by an auxiliary continuous current dynamo, is conveyed 
to the revolving field- magnet coils by means of brushes rubbing 
on collecting rings. 

As the field-magnet is very heavy it may be used as a flywheel. 
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Fig 
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and large machines may be driven direct by the engine. Gordon 
was the first to employ the field-magnet as a flywheel, and he was 
followed by M. Patin, M. Helmer, of the Cail Co., and others ; 
the Helios Co., of Cologne, exhibited in 1891 at Frankfort a 
flywheel alternator on the Ganz system. 

The Cail-Helmer Alternator. — These alternators, which the 
old-established Cail Co. distinguishes by the name of * Alternators 




Fig. 21 

with reversed fields,* are of recent date. M. Helmer, electrical 
engineer to the Company, has devoted much attention to the 
design of these machines. 

The cores of the field-magnet and armature coils, which are 
equal in number, are so arranged that the flow of lines of force takes 
place in planes passing through the axis of rotation of the machine. 
When the axes of the field-magnet and armature coils coincide, 
the magnetic circuit, which is then complete, is formed of two 
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corresponding parts, separated from one another by the air-gap. 
In this position the induction through the armature cores is a 
maximum : it then decreases until the axis of a field-magnet coil 
coincides with the line bisecting the angle formed by the axes of 
two consecutive armature coils, when it reaches its minimum value. 
As is indicated by figs. 20, 21, each of the two parts of 
the magnetic circuit consists of a number of thin iron plates, 



\mmmm 




k:^pS^ 



Fig. 22 

insulated from one another, and bent into the shape of the letter 
U- Two of these U-shaped sets of plates are placed side by side 
so as to form the core of the coil. The sheet iron used is very 
soft and only -014 inch in thickness : a number of sheets are first 
bent together into a JJ- shape and then annealed ; after annealing 
the plates are separated from one another and insulated by inserting 
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pieces of paper. The double U-shaped core is then placed 
between two flanges and held in position by gunmetal straps, 
secured by bolts, which are insulated where they pass through the 
armature core (fig. 22). In alternators of moderate size, which 
are belt-driven, the field-magnet cores are fixed on the periphery 
of a drum, formed by two flanges keyed on the spindle. 
The armature cores are fixed to the cross-pieces which hold 
together the two rings forming the outer frame of the machine. 

In order to avoid sudden variations in the flux of induction, 
the outer surfaces of the field-magnet cores are slightly convex, 

whilst the inner surfaces of 
the armature cores are flat. 
When the axes of the field- 
magnet and armature coils 
coincide, the air-gap increases 
on either side of the common 
axis. 

The coils are first wound 
on cardboard formers and then 
placed on the cores, where 
they are held by strips of 
leather. Fig. 23 shows the 
arrangement of these leather 
strips, which are placed be- 
tween two cores : the ends 
are fixed to the drum in the 
case of the field-magnet coils, 
^'°' *^ and to the frame in the case 

of the armature coils. Holes drilled in the drum of the field- 
magnet and in the frame of the armature provide for due ventila- 
tion. In order to facilitate repairs, it is so arranged that the 
field-magnet drum may be drawn sideways out of the armature 
frame. 

The flywheel alternators of the Cail-Helmer type are con- 
structed in very much the same manner. The cast-iron frame 
of the armature is formed of two rings, held together by 
horizontal bolts. It is supported on two slide rails, so as to allow 
of the withdrawal of the flywheel field-magnet at any time. The 
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frame is provided inside with a channel into which the armature 
cores are forced : they are fastened, as we described above, by 
means of gunmetal straps held by bolts. The field-magnet cores 
are fixed in the same manner in a channel which is formed in the 
outer surface of the field-magnet carcase. Apertures in the frame 
of the armature and the rim of the field-magnet provide for ample 
ventilation. Fig. 24 gives the curve of E.M.F. on open circuit 
for various values of the exciting current of a Cail-Helmer 
altemator. 
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Exciting current 
Fig. 34 

The principal advantages of the arrangement adopted !^^r. 
Helmer are simplicity of construction and the short length of the 
magnetic circuit. This latter characteristic reduces the quantity 
of iron required and renders losses by hysteresis of little impor- 
tance. 

Elwell-Parker Alternator. — The annular armature is formed 
by rolling thin sheets of iron round a wooden former, paper being 
placed between consecutive layers. This laminated ring is 
clamped between two cast-iron flanges, from which it is insulated. 
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On the inner surface of the ring, the armature coils are fixed : 
they have cores of wood and are slightly bent in order to exactly 
fit the curve of the ring. They are held by strips of wood screwed 
down to the cast-iron flanges. The field-magnet consists of a ring 
of forged iron carrying the pole-pieces, which are also of. forged 
iron. Alternate coils of the field-magnet are wound in the 




Fig. 25 



opposite direction, so that a S. pole comes between two N. poles. 
The field-magnet has the same number of coils as the armature. 

The 200 h.p. machines at the West Brompton Station are 
provided with twenty-eight armature coils connected in series, 
giving a total E.M.F. of 2,000 volts. 

Oanz Alternator. — In the case of small alternators, the cost of 
a separate exciter is out of proportion to the total cost : the Ganz 
Company therefore construct self-exciting alternators for small 
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Fig. a6 



outputs. If the current generated by the alternator is of high 
tension, it is transformed to a low tension current by means of a 
transformer (fig. 25). The rectifying commutator is a cylinder 
(figs. 25 and 26) provided with insulated segments : the segments 
/ are connected to one end of the exciting circuit e of the 
alternator ; the segments n to the other 
end of this circuit. The small segments 
a are connected to one another. The 
terminals either of the direct armature 
circuit, or of the secondary circuit of 
the transformer t, are joined up to the 
two sets of brushes b b' and Bj b'i : the 
brushes are set in such a position as to 
reverse the connections at every alternation of the current, so that a 
rectified current always traverses the field-magnet coils in the same 
direction. The object of the double brushes is to short-circuit the 
field-magnet coils during the reversal of the armature current 
(fig. 25 represents the brushes in this position) : this produces an 
extra self-induction current in the exciting coils which prolongs the 
main current and minimises the 
fluctuations of the exciting field. 
The angle of lead of the brushes 
is determined in the usual way — 
ue, the rocker is shifted until the 
sparking is reduced to a minimum. 
Fig. 27 shows the form of the 
alternator. The cores of the 
armature coils are composed of 
T-shaped pieces ; those of the 
field-magnet coils of V-shaped^ 
pieces. These pieces are formed 
of thin laminae insulated from one 
another by sheets of paper. The star 
which forms the field- magnet (figs. 28, 29) is firmly clamped between 
two gunmetal discs by means of bolts, and is fixed on the spindle 
by a key. The coils, wound on zinc formers, are then slipped 
over the teeth of the star, and kept in position by gunmetal 
straps. 




Fig. 27 
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The laminated sheets, forming the armature, are compressed 
by bolts between two gunmetal plates, and secured by other bolts 




Fig. 28 



to the cross-pieces which join the two cast-iron flanges, forming 
the frame of the machine. 



T EL 




Fig. 29 



The armature coils are wound on vulcanised fibre formers and 
then fixed on the cores. In large machines the armature may be 
drawn back on slide rails so as to allow of repairs. 
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M. Zipemowski has, by the following device, rendered the 
Ganz alternator self-regulating, A certain number of the armature 
coils are employed to provide current for the exciting circuit by 
means of a current rectifier. In the exciting circuit, in addition to 
the rectifier, there is inserted the secondary of a transformer, the 
primary of which is in series with the main circuit of the alternator. 
If the main current increases, the loss of voltage on the external 
circuit also increases : but as the primary of the transformer is 
traversed by a larger current, the current in the secondary increases, 
consequently the exciting current and the terminal E.M.F. is 




Fig. 30 

raised. It is possible, therefore, to maintain constant E.M.F. at 
any point in the external circuit by suitably designing the trans- 
former. 

Gramme Alternator. — This alternator was constructed for 
running Jablochkoff candles. The armature, formed of a soft-iron 
ring, wound Gramme fashion, is held between two cast-iron flanges, 
nearly circular in shape, joined together by cross-ties. The field- 
magnet consists of electromagnets, with expanded pole-pieces, 
fixed on a cast-iron boss. In the alternator shown in fig. 30, the 
field-magnet has 8 poles and the armature 32 coils. Each coil is 
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connected to terminals so as to allow of being joined up in series 
or in parallel. There are 4 currents in the armature coils, 
differing in phase from one another by \ period, so that this 
alternator actually supplies polyphase currents. 

Mordey Alternator. — This alternator is constructed by the 
Brush Co., and is of a quite original type. The field-magnet core 
(fig. 31) is formed of a short cylinder of forged iron, fixed on the 
spindle and surrounded by the single exciting coil. On either 
end of this sleeve or cylinder are two iron rings, which carry 
radiating arms, bent over so as to face one another and leave 
between them a narrow space in which to place the armature. It 




Fig. 31 



is easy to see that the flux of induction takes place through the 
bent arms, the air-gap and the armature, and that all the poles on 
one side of the armature are of similar sign. The exterior of the 
field-magnet is covered with sheet iron, in order to diminish the 
air resistance.. 

The fixed armature (fig. 32) consists of a gunmetal frame, 
divided horizontally into two parts : these two parts are bolted 
together and the lower half is secured by bolts to the bed-plate. 
The coils, of which there are twice as many as there are pole- 
pieces, are arranged in the interpolar space, and are formed of 
copper ribbon, from -3 to '6 inches in width, wound on cores of 
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slate or porcelain ; consecutive coils are wound in the opposite 
direction. Fig. ^^ shows the method of connecting up the coils : 
it will be seen that consecutive coils are traversed by the same 
current in opposite directions. The coils are fixed to the interior 
flange of the gunmetal frame, and secured by 3 bolts. The bolt 




Fig. 32 



holes are made slightly oval, and thus allow of the coils being 
moved slightly in their own plane before being finally fixed. The 
connecting wires of the coils, which are outside the frame, are 
supported on porcelain insulators. It is very easy to obtain good 
insulation for the coils, and consequently a high current density 




Fig. 33 

may be employed. The power necessary to excite the alternator 
is very small, for the magnetic resistance is reduced to that of the 
air-gap, which is very short. 

In order to obviate all lateral movement of the field-magnet, 
the spindle revolves in collar bearings. 
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As there is no iron in the armature, the self-induction is very 
small, and the machine is almost self-regulating when the load has 
no self-induction. 

Fig. 34 gives the characteristic curve of a 9-pole alternator, the 
exciting current and speed being kept constant. 

Tests were made on a 250 k.w. alternator supplied to the 
Newcastle-on-Tyne Electric Supply Co., and it was found that, 
when the machine was excited with a constant current of 28 
amperes, the fall of potential between full load and open circuit 
was 4|%. When the machine took the full-load exciting current 
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of 36-5 ampferes, the rise of potential on open-circuit was 12%. 
The electrical efficiency at full load, including excitation, was 97%, 
and the guaranteed commercial efficiency 93%. 

Fatin Alternator. — M. Patin, who was for a long time a 
fellow- worker with Mr. Ferranti, has built an alternator (fig. 35) the 
field-magnet of which may be used as a flywheel. The field-magnet 
coils are placed, half on the inside of the outer ring frame, and 
half on the outside of an inner ring, so that the two sets face one 
another. The pole-pieces, rectangular in section, leave a narrow 
space between them, in which the armature is placed. Consecutive 



ALTERNATORS 



II 




Fig. 35 



34 ALTERNATE CURRENTS 

poles on either ring are of opposite sign, and poles which face 
one another on the two rings are also of opposite sign. It is easy 
to see that the flux of induction from any one pole-piece is 
divided into two parts in the rings, and traverses the magnet coils 
on either side of the coil in question. 

The flat armature coils are formed of copper ribbon, wound 
on a hollow gunmetal core, the turns being carefully insulated 
from one another. These coils are fixed by means of bolts on 
two gunmetal rings, from which they are insulated. They are all 
wound in the same direction, and connected as shown in fig. 33. 
The armature is supported by 4 arms, which radiate from a sleeve 
fitting on the spindle : a screw turned by a hand wheel provides 
for the withdrawal of the armature, so as to examine and, if 
necessary, repair it. 

§ 6. Single-phase Alternators with Stationary Field- 
magnet and Bevolving Armature 

In these alternators the current is collected by means of 
brushes, rubbing on two rings, which are connected to the 
terminals of the armature coils. 

Ferranti Alternator. — The field-magnet is formed of two sets 
of coils with their axes horizontal, facing one another, consecutive 
pairs of poles being wound in opposite directions. The iron cores 
of these coils are supported by cast-iron cheeks ; the two halves 
are separate and may be drawn apart on slide-rails, so as to admit 
of examining the armature. When the two halves are in position, 
the magnetic attraction renders unnecessary any other means of 
holding them together. 

The armature, which contains no iron, is a flat ring : it revolves 
between the two sets of pole-pieces, which are very close together 
(generally about | inch apart in large machines). 

In small machines, the armature consists of coils formed of a 
single copper ribbon, as shown in fig. 36. The coils of large 
machines have the shape indicated by fig. 37. The cores are 
formed by strips of brass, insulated from one another : they are 
separated at one end, and joined at the other end to a piece of 
brass with a hole drilled through it. The coil is formed of copper 
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ribbon, the different turns being insulated from one another by 
means of strips of vulcanised fibre. The inner end of the winding 

is soldered to the brass core. 
Two coils are fixed on one 

gunmetal piece provided with 





Fig. 36 
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bolt-holes (fig. 38) : they are insulated from one another by a strip 
of vulcanised fibre, and from the gunmetal piece by leaves of mica. 
The inner ends of the windings of the two coils make connection 




Porcelain ring 
Fig. 38 

through the holding bolts and the gunmetal piece. The outer 
ends of the windings of two adjacent coils, which are fixed on 
different gunmetal pieces, are soldered to one another. The 
connections are therefore as shown in fig. 33, i.e, the windings of 
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two consecutive coils are reversed ; this must necessarily be the 
case, since there are as many armature coils as magnetic fields. 
As the gunmetal pieces or carriers are electrically connected to 
the armature winding, they must be very carefully insulated. On 
the lower side of the carrier a stud is inserted, the end of which is 
either drilled for a lynch-pin or screwed 
to take a nut. A porcelain collar is 
slipped on the stud, which is then in- 
serted in a hole, of larger diameter than 
itself, drilled in the rim of the centre 
boss, and held in position by the lynch- 
pin or nut. It is arranged so that the 
stud does not make electrical contact 
with the boss, and a mixture of sulphur 
and powdered glass is poured round the 
stud, to hold all firm. 
Generally the whole number of coils is divided into two equal 
parts, which are connected in parallel, as shown in fig. 39 : the 
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Fig. 40 



collecting rings and brushes are placed at one end of the spindle, 
and are enclosed in a glass case. 

Fig. 40 gives the longitudinal section of a Ferranti alternator 
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Fig. 41 



of 1,250 h.p. at 10,000 volts. It makes 120 revolutions per 
minute, and each cheek carries 48 pole- pieces. It is driven by 
means of a rope pulley. The bearings have a large surface and 
are automatically 
supplied with oil, 
by means of a 
pump worked by 
an eccentric on 
the spindle. 

Kapp Alter- 
nator. — This al- 
ternator, which 
is built at the 
Oerlikon works, 
is constructed as 
described below. 

Two sets of 
magnets are fixed 
to vertical cast- 
iron cheeks, which are held together by bolts. The poles of one 
set of magnets are alternatively N. and S., while a N. pole of one set 
faces a N. pole of the other set, 
so that the flux of induction takes 
place from one pole to the next 
of the same set : as a result there 
are two sets of magnetic fields. 

The armature core is formed 
of a ribbon of charcoal iron, 
wound on a gunmetal disc, with 
paper insulation : the ring formed 
of this iron ribbon is fixed to the 
central gunmetal boss by means 
of radial bolts, as shown in fig. 41. 
The core of the coils formed in 
this way is carefully insulated 
with mica and paper, and the 
winding is put on so that the turns are in planes passing 
through the spindle of the machine, as shown in fig. 42. The 
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angular breadth of a coil is the same as the pitch of the alter- 
nator. 

Labour Alternator. — The Labour alternators, which the 
Soci^t^ PEclairage Electrique formerly constructed, were high 
potential machines of a type similar to the Siemens. The Soci^t^ 




Fig. 43 

having come to the conclusion that it was more advantageous to 
use low potential alternators and raise the potential on the line 
by means of a transformer, M. Labour, electrical engineer to 
the Company, designed the type of machine which we shall now 
describe. He did his utmost to obtain in this alternator a curve 
of E.M.F. as nearly as possible sinusoidal. 
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The field-magnet coils, the cores of which are formed of thin 
iron plates, insulated from one another, are arranged on the inside 
of a cast-iron ring (fig. 43). These coils are wound so as to make 
consecutive poles of opposite sign. The pole-pieces have very 
large polar expansions, the space between two pole-faces being at 
the most equal to twice the air-gap. Fig. 44, which is borrowed 
from an article in the * Lumi^re Electrique,' by M. Guilbert, 
shows the method of arrangement. The edges or horns of the 
polar expansions are saturated magnetically, so that the induction 
through the air-gap is a maximum near the axis of a field-magnet 



Field magnets 




Fig. 44 

coil and diminishes towards the horns of the pole-pieces. The 
space in which there is no induction is very small, so that there is 
no abrupt variation of the induced E.M.F. 

The armature core is formed of a ring of laminated iron, with 
teeth on the periphery, exactly similar to a Rechniewski dynamo. 
As in these latter machines, there is a variation in the magnetic 
resistance, and in consequence a fluctuation in the induction 
through the field-magnet cores : but as the teeth are of small size 
and the pole-pieces laminated, the eddy current losses are 
negligible. 
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The armature coils are wound as shown in fig. 49 : each slot 
contains one or more turns, and it will be observed that the outer 
turns of each coil surround a greater area of core than the inner 
turns. 

In an alternator built for the Lighthouse Commissioners, 
which was an 8-coil machine, the armature had 72 teeth, so that 
there were 9 teeth to a coil. The winding was arranged as 
follows : Suppose the 9 teeth to be numbered i, 2, 3, 9, 

There were 8 turns round tooth No. 5 

„ „ 8 „ „ teeth Nos. 4 and 6 

„ 8 „ „ „ Nos. 3 and 7 

„ „ 8 „ „ „ Nos. 2 and 8 

„ „ 4 „ „ „ Nos. I and 9. 

M. Blondel traced the current and E.M.F. curves of this alter- 
nator (fig. 45). It will be noticed that the curves are very regular : 

I is the curve of current, and 
E that of E.M.F. The pre- 
cautions taken to insure the 
regularity of the E.M.F. 
curve resulted in the com- 
plete absence of the usual 
humming sound. 

M. Labour tried several 
arrangements for exciting 
the alternator : he first con- 
nected a rectifier to the main 
winding, but finding it in- 
convenient to have only one 
circuit both for direct and al- 
ternating currents, he placed 
a second winding (Gramme) 
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on the armature ring. As a rule the exciting current is furnished 
by a small direct current dynamo on the alternator spindle. This 
dynamo is provided with a rheostat in its field-circuit, by means 
of which the current sent through the field-circuit of the alternator 
may be regulated. There is another rheostat directly in the 
field-circuit of the alternator, the object of which is to reduce the 
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exciting current at light load. When the alternator is fully 
loaded this latter rheostat is short-circuited, and regulation is 
effected by means of the rheostat in the field-circuit of the 
exciter. An alternator, giving 300 amperes at no volts, and 
making 500 revolutions per minute, requires an exciting current 
of 14 ampferes at full load. The speed and excitation being kept 
constant, the variation between the E.M.F. on open circuit and 
at full load is 10 per cent. : the exciting current on open circuit 
is eight or nine ampferes. 

Fig. 46 gives the characteristic curve of an 8-kilowatt Labour 
alternator of 84 per cent, commercial efficiency. The ordinates 
represent volts and the abscissae ampere-turns. 
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Siemens Alternator. — The field-magnet is formed, like that of 
the Ferranti machine, of two sets of horizontal pole-pieces fixed to 
vertical cast-iron cheeks. Opposing poles of the two sets are of 
opposite sign, as also are adjacent poles of the same set. The coils 
are wound first on brass formers and then slipped over the cores. 

The armature coils (fig. 47) are fixed on a disc, which is keyed 
on the spindle : they are formed of copper ribbon wound on a 
wooden core, the insulation between the different turns being 
special paper or fibre. The coils are fastened to the disc by 
means of plates of German silver, which, in consequence of its 
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high specific resistance, does not cause any appreciable loss in 
Foucault currents. These plates are bolted to the disc and also 
to the cores : they are insulated from the coils. Connection 
between consecutive coils is made by means of bolts, insulated 
from the German silver plates and joined by a piece of wire : the 
coils are connected in accordance with fig. 38. 

A chain, composed of a number of links of brass, is fitted 
over the outside of the coils, from which the links are insulated : 
the object of this chain is to assist the coils in resisting the action 
of centrifugal force. 

Thomson-HoTistoii Alternator. — The pole-pieces, of cast-steel, 
are arranged on the inside of a vertical ring, which, for con- 
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Fig. 48 



venience of repairs, is divided into two halves along a median 
horizontal plane. 

The armature is formed of a cylinder of laminated iron on 
which the coils are fixed. The cores of the coils are of insulating 
material, and the winding is composed of copper wire of rectan- 
gular section. The armature coils, of which there are as many as 
there are pole-pieces, are bent on a former so as to fit the 
cylindrical surface of the core : they are insulated from the core 
by sheets of mica. Bands of German silver hold the coils in 
position on the armature. 

The Thomson- Houston Co. builds three types of machines. 
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1. Self-exciting alternators. 

2. Separately excited alternators. 

3. Compound alternators. 

The compound alternator is designed to keep a constant p.d. 
on the external circuit. With this end in view either a certain 
number of the magnet coils are traversed by direct current from the 
exciter, and the rest by rectified alternating current, as shown in 
fig. 48 : or each of the magnet coils has two windings, one of 
which is traversed by the current from the exciter, and the other 
by the rectified alternating current as indicated by fig. 49. The 
rectifying commutator c, which has as many segments as there are 
coils, is connected as a shunt to the main circuit of the alternator. 




Fig. 49 



The rectified current increases with the main alternating 
current \ therefore the exciting current and the terminal E.M.F. 
also increases, so that the p.d. at any point on the line may be 
kept constant. Rheostats i and 2 allow of the regulation of the 
current from the exciter, and rheostat 3 of the regulation of the 
rectified current. By suitably adjusting these rheostats the alter- 
nator may be made self- regulating. 

WestingliOTise Alternator.— The pole-pieces are arranged 
on the inside of a cast-steel ring : the magnet coils are held in 
position on the pole-pieces by means of bolts, and are wound so 
that consecutive poles are of opposite sign (fig. 50). 
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The armature core consists of thin iron discs (fig. 51), in which 
holes are stamped out for ventilation ; they are threaded on the 
spindle and clamped by bolts between two end-plates. The 
laminae are not insulated from one another by paper, as the rust is 





Fig. so 



Fig. 51 



sufficient to prevent the formation of eddy currents. The flat 
armature coils are wound on a wooden core (fig. 52) : the straight 
part is just the same length as the armature cylinder, and the 
curved end parts are bent over the end-plates. The coils are 
placed on the cylinder, from which they are insulated, and the 





Fig. sa 



Fig. S3 



whole cylinder is covered with a winding of brass wire. The ends 
of the coils, which are turned over, are held by flat rings of gun- 
metal, and at one end there is a disc, fitted with blades, which 
ventilates the armature by driving air through the holes in the 
laminae. 

The connections between the coils are shown in fig. 53 : the 
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whole number of coils is divided into two halves, which are joined 
up in parallel to the collecting rings. 

The Westinghouse Co. builds alternators which are self- 
regulating for constant current. The armature core consists of 
iron plates of the shape shown in fig. 54. The faces of the 
armature teeth are wider than the pole-pieces. The proportion 
between the armature and field-magnet windings is such that at 
the moment when the armature current is a maximum, the 





Fig. 54 Fig. 55 

number of ampere-turns of the armature is equal to the number 
of amp^re-tums of the field : it therefore follows that if at the 
moment the axes of the teeth of the armature coincide with the 
axes of the pole-pieces the armature current is a maximum, then 
the E.M.F. developed is very small. As the teeth of the armature 
are wider than the pole-pieces (fig. 55), the self-induction increases 
very much when the former are approaching the latter, and con- 
sequently the armature reaction is very large : this also tends to 
reduce the terminal E.M.F. 



§ 7. Alternators with botli Field-magnet and 
Armature Stationary 

In these alternators, which are called in England * inductor 
alternators,' the variation in the flux of induction through the 
armature coils is effected by varying the resistance of the magnetic 
circuits. A great number of engineers have built alternators with 
variable magnetic resistance, amongst others Mordey, Elihu 
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Thomson and Kennedy. We shall examine three types of these 
alternators, viz. : the Cail-Helmer, the Kingdon, and the Thury. 
Cail-Helmer Alternator. — As will be seen from fig. 56, which 
shows a 4-pole alternator, the pole-pieces are placed radially inside 
a ring. Both the field-magnet and armature windings are placed 
on the pole-pieces. The field-magnet winding is close to the ring 
and is connected so as to make consecutive poles of opposite sign. 
The armature winding is very near the pole-faces, so as to be as 
close as possible to the revolving inductor, which is shaped as 
shown in fig. 56. When the inductor is in the position shown in 
the figure, the magnetic resistance is a minimum, and the flux of 
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Fig. 56 

induction a maximum : when the inductor has rotated through an 
angle of 45°, the magnetic flux is a minimum. 

Fig. 57 represents a little experimental alternator, the output of 
which is 12 kilowatts at 1,800 revolutions per minute. The power 
wasted by the inductor is very large, being 1 2 per cent, of the total 
power : the reason is that the difference in magnetic resistance is 
slight. The maximum induction in the iron is 6,200 C.G.S. units. 

Fig. 58 gives the theoretical E.M.F. curve, assuming that there 
is no magnetic leakage or self-induction. When the middle of a 
tooth of the inductor passes from o to o', the induction through the 
coil A diminishes. When the middle of the tooth is at o', the 
induction is a minimum : it then begins to increase. The curve 
therefore has the shape shown at c. 
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Fig. 57 




Fig. 58 



48 



ALTERNATE CURRENTS 



If 2/ be the number of poles, f the frequency, t the time of 
one complete alternation, and n the number of revolutions per 
minute, we get : 

_ I _ 2/N 

"~T~ 60 ' 

If ^ be the difference between the induction through the coil a, 
when in the two positions o and o', the mean E.M.F. in C.G.S. 
units induced in one turn of the coil a will be 



= - - = 4 <^ /^ 



60 



As K = 2, if there are n^ turns per ceil, the effective E.M.F. in 
volts for the 2/ coils in series will be : 

8<l»/2^,|i io-«. 
60 




Fig. 59 



Kingdon Alternator. — ^The field-magnet and armature coils, 
which are wound on laminated cores, are arranged on the inside 
of a ring (fig. 59). The field-magnet and armature coils are not 



ALTERNATORS 



49 



both wound on the same core, but one core is wound with a field- 
magnet coil, and the next with an armature coil, so that the two 
sets of coils altei:nate with one another. Consecutive coils of 
both sets are wound in opposite directions. 

Inside the ring a gunmetal disc revolves, carrying on its 
periphery laminated iron teeth, equal in number to the field- 
magnet coils. Each of these teeth is of such width as to exactly 
cover two adjacent pole-pieces. When the disc revolves there is 
a change in the induction through the armature cores, and in 
consequence an alternating E.M.F. is produced. 

Suppose the ring developed as shown in fig. 60, b a being one 
of the teeth of the inductor, Aj A2 two armature coils (wound in 
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Fig, 60 

opposite directions). The breadth i^ of an armature coil being 
equal to the breadth of a pole-piece, and 4 being the width of the 
interval between two consecutive coils, if /i is the pitch of the 
alternator, we get : 

fix = 2 (A + 4). 

When the inductor tooth is in the position shown in the figure 
the E.M.F. is zero. While a is moving to/the induction through 
the coil Ai diminishes, and the E.M.F. induced is constant in 
value, viz. — o' h. When a has reached/ and b has not yet reached 
^, the core of the coil Ai is subjected to two fluxes of induction in 

E 
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opposite directions, one flux increasing and the other decreasing : 
the E.M.F. is consequently constant in value, and is twice as 
great as between e and/ When b has passed r, the core of coil 
Ai is only subject to induction from the S. pole, which is increasing 
regularly : consequently the induced E.M.F. in the coil Aj is the 
same as it was from ^ to/ When the centre of the tooth is at o,, 
the direction of the E.M.F. is reversed. Curve c represents the 
variation of the E.M.F. : of course the self-induction and magnetic 
leakage would exert a flattening effect on the angles of this curve. 
If 2 / be the number of field-magnet coils, n the number of 
revolutions per minute of the inductor, and f the frequency, we 
get: F-^-^^ 

If * be the difference between the total number of lines 
issuing from one pole when the tooth is in the position shown in 
the figure and the number of lines when the tooth is removed, 
it is easy to see that o' h represents the E.M.F., viz. : 

— = = 2<l>F = 4^^/,- 

T T ^60 

2 

and ij represents a double E.M.F., viz. : 

we have : o' o'l = — , and ik = /, — /j. 

2 

The mean E.M.F. induced in one turn will be : 

If /j c= 4, the second term disappears, and it will be seen that 
the curve then consists of a series of rectangles, placed alternately 
above and below the axis. It is easy to determine k, and we get 
therefore as the effective E.M.F. in volts : 

2Yi^Pn~\ I j^lSb^zlu. >io 
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n being the product of the number of coiJs into the number of 
turns per coil 

Thury Alteniator.— This alternator consists of a stationary 
magnet of ring shape, with a single field winding as shown in figs. 
6 1 and 62. The field-magnet winding, which consists of two or 
three coils of copper ribbon, with a space between the coils for 
ventilation, is placed as the figure shows at the inner end of the 
groove in the ring, which is shaped like an elongated C. 

The inductor, of bell shape, is keyed on a spindle, the axis of 
which coincides with the axis of the magnet ring. The outer sur- 
face of the bell-shaped inductor is smooth, while the inner face, 





Fig. 61 



Fig. 62 



which is between the lips of the C-shaped groove, is provided 
with a number of projectors like a spur wheel. 

The armature winding, which is formed of flat coils, is secured 
by means of bands, on the lower lip of the c-shaped groove. The 
inductor by its rotation produces a variation in the flux of induc- 
tion through the air-gap, and an alternating E.M.F. is produced. 

By means of a ratchet the magnet ring may be moved along 
the bed-plate in the direction of the axis of the spindle, so as to 
allow the field-magnet and armature coils to be inspected. 

Tests of two Thury alternators of 400 h.p., at Turin, showed .- 

(i.) That the power used in exciting was less than 5 per cent, 
of the total output. 



52 ALTERNATE CURRENTS 

(ii.) That the commercial efficiency is from 93 per cent, to 
94 per cent., and the electrical efficiency 97 per cent. 

(iii.) That these machines are very easily synchronised, run 
well in parallel, and do not fall out of step. 

The shaded parts in fig. 63 show \Sst width of the armature 
coils tf, «i, which are wound in opposite directions. The inductor 
teeth are the same width as the coils. It is easy to see that the 
curve of E.M.F., leaving self-induction and magnetic leakage out 
of account, has the shape shown at c. If <I> be the total flux of 




^Ka^^l3I.^^E3^^EH§^ 




Fig. 63 



induction through one tooth, the mean E.M.F. induced in one 
turn of an armature coil in C.G.S. units will be : 



T T 
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If d be the number of teeth , 






60' 



We get, therefore, as the mean E.M.F. in one turn of the coil : 



60 



\i n be the total number of turns in series, the mean E.M.F. in 



volts is : 
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From the shape of the curve it is possible to calculate k, and we 
have, for the effective E.M.F. in volts, the expression 

60 



§ 8. Polyphase Alternators 

In a polyphase alternator, when the circuits are equally 
loaded, and when the current curves are quite sinusoidal, the 
armature, if it is the revolving part of the machine, produces a 
field which revolves at the same speed as itself, but in the 
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Fig. 64 



opposite direction ; consequently this field is fixed in space and 
gives rise to no Foucault currents in the pole-pieces, which need 
not be laminated. When the armature is stationary, the field 
revolves in space with the same speed as the field-magnet, so that 
it is at rest in respect to the latter. This is the reason why 
polyphase alternators do not make a hum like single-phase 
machines. 

The simplest method to obtain biphase currents is to mount 
two. single-phase alternators on the same spindle, giving one 
an angular lead before the other of half the interval between 
two poles. This arrangement is more expensive than a single 
alternator, giving biphase current ; but, on the other hand, it is 
easy to regulate the E.M.F. by varying the exciting current of 
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either alternator, which is impossible with only one field-magnet. 
The double-alternator arrangement has been used by the Creusot 
Co. for the transmission of power to the Decize mines. In the 



^..-.^^__. 



'//////// 
I 









-¥- 



7///////////// . 



* jy/////. 



W///y/////////. 



cr 



TiT 



\st Circuit 



tp- 



2nd Circuit 



Fig. 6s 

same way triphase currents may be obtained by mounting three 
alternators on the same spindle. 

Figs. 64 and 65 show how the armature coils are placed in a 
biphase alternator : they may be placed side by side or on the top 
of one another. Fig. 66 shows the relative position of the 
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armature coils in a triphase alternator. If the coils are to be 
placed side by side, as many coils as pole-pieces will be used in 
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each circuit : if the coils are to be placed on the top of one 
another it will be possible to have twice as many coils in each 
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Fig. 68 

circuit as there are pole-pieces (in the latter case adjacent coils in 
each circuit will be wound in opposite directions). 

Figs. 67, 68, 69, 70 show the method of winding bar armatures 
for biphase and triphase currents : if it is required to place 
several bars side by side in 
each circuit, they will be con- 
nected as shown in figs. 9 
and 10. 

It will be seen from figs. 
67 and 68, which give the 
method of connection for 
biphase currents, that one ar- 
mature circuit is formed of 
bars I, 3, 5, 7, and the other 
of bars 2, 4, 6, 8. 

Figs. 69 and 70 show the 
method of connection for tri- 
phase currents : the first arma- 
ture circuit is formed of bars 
I, 4, 7, 10, the second circuit of bars 3, 6, 9, 12, and the third 
of bars 5, 8, 11, 2 ; bars 10, 12, and 2 are joined to a common 
return wire. 
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Polyphase alternators may be made self-regulating for constant 
E.M.F. even when the outside circuit possesses self-induction. 



1st Circuit 
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Fig. 70 



The Thomson-Houston Co. employ the following arrangement for 
the purpose. The exciter is driven by a motor f with revolving 




Fig. 71 

field, connected in shunt to the alternator circuit. As the 
currents in the external circuits increase, the impedance of the 
shunt circuits supplying the motor decreases ; consequently the 
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power supplied to the motor increases, the exciting current 
becomes larger, and the E.M.F. is raised in proportion to the 
load. A belt p serves to drive the exciter at starting up. The 
method by which the impedance of the motor circuits is 
diminished in proportion as the external load grows larger will be 
understood on reference to fig. 71. In each of the three circuits 
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Fig. 72 

a coil, with large coefficient of self-induction, is inserted : these 
coils have two windings d and e in opposite directions, and the 
windings d are traversed by the main currents, whilst the windings 
e are in the shunt circuits of the motor. Naturally the choking 
effect of the coils on the motor currents diminishes as the main 
currents increase. 




Fig. 73 

The upper curve of fig. 72 shows the results obtained with a 
triphase alternator for different loads when using the compensat- 
ing apparatus. The E.M.F. at the terminals varies from 114 volts 
on open circuit to 148 volts at full load. The lower curve gives 
the E.M.F. for different loads when the compensating apparatus 
is not used. 



58 



ALTERNATE CURRENTS 



Brown Alternator. — The field-magnet consists of a cast-iron 
ring, carrying, on its inner surface, the pole-pieces with rectangular 
faces. 

The armature is formed of a laminated soft iron drum, on the 
surface of which the flat armature coils are placed. The coils of 




i 

Fig. 75 
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Fig. 74 

the different circuits are superposed, and are insulated from one 
another and from the core by means of paper (fig. 73) : the whole 
is held together by brass wire bands. The coils are wound with 
cotton-insulated wire of elliptical §ection, the larger diameter 
being in the plane of the coil ; as will be seen from fig. 75, the 
turns are placed on the top of one another, not side by side. 

The Wehyer and Richemond Co. build single-phase alternators 
of the same type. In this case two coils, with the windings in 
opposite directions, are placed on the 
top of one another and connected as 
shown in fig. 76. After the coils are in 
J position, the armature is 

as shown in fig. 74. 
Fig. 77 gives the plan 

of the connections of the 

coils in the case of a 

biphase alternator, and 

fig. 78 the same for a 
single-phase alternator. In fig. 77 the 
two outer circles represent one pair of 
collecting rings, and the two small 
inner circles the other pair; in fig. 78 the small inner circle 
represents one collecting ring, and the large circle the other. 

M. Boucherot has measured the losses in a 75 k.w. biphase 
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alternator with 8 poles; it made 600 revolutions per minute, 
and furnished in either circuit 165 amperes at 150 volts. He 
used the same method as for continuous-current dynamos, which 

Collecting rings 
for one phi 



Collecting rings 
for the other phase 




Fig. 77 



consists, firstly, in measuring the value of the exciting current 
necessary to give the normal voltage at full load ; secondly, 
measuring the hot resistance of the armature circuits ; and finally. 



Collecting rings 




Fig. 78 



determining the power absorbed by the machine when revolving 
at the same speed and with the same excitation as that which 
gives the normal voltage on open-circuit. 
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This last power loss is due to friction, air resistance, hysteresis 
and internal Foucault currents. By varying the speed, he was able 
to determine separately the losses due to hysteresis (proportional 
to the speed) and the losses due to Foucault currents (proportional 
to the square of the speed). This method of investigation is quite 
legitimate, for, as we saw at the beginning of this section, there 
are no Foucault currents induced in the pole-pieces. The results 
of the tests are given in the following table : 



Loss in armature . . 

Loss in field-magnet 

Frictional losses . . . 

Hysteresis losses . . . 

Foucault current losses . 
I Useful power . . . . 
I Total power _. . . . 
I EflSciency 



Watts at full I Watts at half 
load I load 



Watts at -^ 
load 



1,700 

1,370 

540 

1,550 
50,000 

55,550 
•9 



420 

1,250 

540 

380 

1,500 

25,000 

29,090 

•86 



20 

1,160 

540 

370 

1,460 

5,000 



Alternator of the Fiyes-Lille Co.— The Fives-Lille Co., who 
are the licensees in France of the patents of the *Allgemeine 
Electricitats-Gesellschaft,* build alternators of the type shown in 
figs. 79 and 80. 

The field-magnet of laminated iron is of ring shape, and is 
fixed to the bed-plate : it carries on its inner surface the pole- 
pieces, also of laminated iron. 

The armature consists of a cylinder, composed of iron discs, 
which is provided with a bar winding. In triphase machines, one of 
the ends of each of the windings is connected to a collecting ring, 
and^the other ends of the three windings, which are joined together, 
are connected to a fourth collecting ring. The fourth collecting 
ring may be either put to earth or joined to the fourth wire of the 
external circuit. 

Forbes Alternator. — These machines are for the utilisation of 
the power of the Niagara falls. They generate current at 2,000 
volts, and are constructed by the Westinghouse Co., of Pittsburg. 
They are]^riven direct by horizontal turbines, of the Faesch and 
Picard system. 

The number of revolutions per minute is 250, and the revolving 
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field-magnet has 8 poles : there are 8 coils in each of the armature 

circuits, and the frequency is therefore ^ ^^^ = 16*67. 

60 

The magnet core, formed of a ring b of cast-steel (figs. 81 

and 82), is fixed by 16 bolts to an 8-armed spider d, which 

is keyed on the top of the turbine shaft. On the inside of 

the ring the 8 pole-pieces are fixed by bolts : each pole-piece is 

surrounded by 2 coils of copper strip, with an air space between 

them for ventilation. The exciting current is conveyed to the 




Fig. 81 



magnet coils by means of two brushes g, rubbing on two rings 
arranged on the under side of the spider. 

A cast-iron cylinder a, resting on the bed, supports the 
armature, as well as the two bearings of the turbine shaft. These 
bearings have oil circulating through them, and a thermo-electric 
couple is so arranged that it actuates a relay when the temperature 
rises above a certain limit : the engineer in charge then sends a 
stream of water through a jacket surrounding the bearings, so as 
to cool them down. The armature core of thin iron plates, in 
which there are apertures for ventilation, is clamped by two flat gun- 
metal rings. It is fixed in a horizontal groove in the cylinder a 
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by means of 16 bolts of nickel steel. This steel, which contains 
about 25 per cent, of nickel, has a large specific resistance. 

The armature coils have 72 turns of copper wire. No. o B. and 
S. gauge : these turns are insulated by mica, and are enclosed in 
conduits through which oil circulates. These conduits are formed 
of an insulating material, which is not acted on by oil or destroyed 
by heat. The coils are placed in channels in the periphery of the 
armature : these channels, for convenience in removing the coils, 
are not cut out radially but are parallel to one another. The coils 




Fig. 83 



Fig. 82 



F of one of the circuits are flat, while the ends of those of the 
other circuit are turned over at the top and bottom. 

Oil is supplied from a reservoir, placed at a certain height in 
the engine room, and flows through pipes to the bottom of the 
coils of the armature (fig. 83). It leaves the conduit at the top 
of the coils and returns to a refrigerator, whence it is pumped back 
to the elevated reservoir. 

Oerlikon Alternators. — i. Low-tension Alternators.— The 
300 h.p. biphase alternator used for the transmission of power from 
Lauffen to Frankfort in 1891 was of this type. 

The revolving field-magnet is formed in the following manner : 
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On the outer surface of a cast-iron wheel, a channel, about 7 
inches deep, is cut : in this channel the field-magnet winding is 
placed, consisting of 496 turns of copper wire '2 inch in diameter. 
On either side of the rim of the wheel (figs. 84 and 85) rings of 
soft steel are fixed, each of which is provided with 16 pole-pieces. 
The pole-pieces of the two rings alternate, those of the left ring 
pointing towards the right, and those of the right ring towards the 
left : consecutive poles are therefore of different sign. (The 
dimensions in figs. 84 and 85 are in mm.) 

The stationary armature consists of a ring of laminated iron 
plates, insulated from one another by paper : this ring has an 
external diameter of 6' 3'', and an internal diameter of 5' 10", the 
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Fig. 84 

width being i' 3''. Close to the internal surface of the armature, 
96 holes are drilled, parallel to the axis, about i^" in diameter : 
in these holes are placed insulated copper bars i^ in diameter. 

As fig. 86 shows, bars i, 4, 7, 10 94 — 95, 92, 89 

2 — 93, 90, 87 96 are connected in series, 

and form 3 circuits joined at Aq to the neutral wire. The other 
ends Aj A2 A3 are connected to the 3 terminals of the 3 circuits. 

A large number of tests were made on this machine at the 
Frankfort Exhibition. The turbine shaft, which made normally 
35 revolutions per minute, was geared to the alternator spindle, 
which ran at 155 revolutions, by means of a spur wheel. The 
power of the turbine had been previously measured by a Prony 
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brake for different conditions of fall and opening of water gji|e, 
and the various values were tabulated. It was therefore only 
necessary to note the height of the fell, the opening of the water 
gate, and the height of the lower rim of the turbine wheel above 
the level of the race, in order to determine the power supplied to 
the alternator. 

The power given out by the alternator was absorbed by means 
of 3,000 incandescent lamps, divided equally between the three 
circuits. The three wattmeters were connected respectively across 
the three line wires and the centre of the star. 




Fig. 86 



Tests were made at varying loads and the results are given in 
the following tables. (Tq = h.p. given to dynamo, t, = power 
measured on wattmeters, t^ = power wasted, i = effective current 
in each circuit, and e = effective P.D. between any line wire and 
the neutral return.) 



T. 


T. 


T> 


I 


£ 


No. of revo- 
lutions 


16725 

15474 

I20I2 

87-40 


154-40 
142-19 
107-54 

75-IO 


12-85 

12-55 
12-58 
12-30 


677 
644 
470 
336 


55-9 

54-2 
56-1 
547 


149*5 
1497 
150-0 
150-0 



It will be seen that the efficiency varies from '93 to -87. 
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2. High-tension Alternators. — As figs. 87 and 88 show, 
the field-magnet is similar to the one just described. In small 




Fig. 87 



machines, such as are shown in the figures, the two mild steel 
rings which carry the pole-pieces are threaded direct on the spindle 




Fig. 88 



and bolted together : in large machines the field-magnet is of the 
s^m^ construction as described above. 
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The body of the armature consists of a laminated soft iron 
ring, provided on its inner surface with grooves, in which the 
coils are placed. The coils (fig, 89) are insulated by several 




Fig. 89 



layers of cotton and sheets of mica : they are mechanically wound 
on formers and then placed in the grooves, where they are held 
by wedges of insulating material. 

Fig 90 gives the curve of the 
voltage as a function of the ef- 
fective current in one circuit of a 
triphase alternator, and fig. 91 
gives the curve of E.M.F. and 
also a true sine curve. 
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Schnckert Alternator. — The armature of this machine is 
formed of a flat ring with a Gramme winding. The electro- 
magnets (fig. 92) have their axes perpendicular to this ring, and 
are divided into two sets, one on either side of the armature. 
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Poles which face one another are of the same sign, so that the flux 
of induction passes through the armature between consecutive 
poles of the same set. The cores of the field-magnet coils are of 
cast iron ; the armature ring is formed of a ribbon of soft iron, with 
paper insulation, wound round a brass disc. The ends of the 
coils are led to rings at the end of the spindle : these rings may 
be joined up so as to collect either biphase or triphase current. 
It is also possible to collect continuous current, if a commutator 
is connected to the Gramme winding. 




Fig. 92 

Such a machine provided with collecting rings and a com- 
mutator will act as : 

(i.) Continuous current dynamo. 

(ii.) As a self-exciting one-, two- or three-phase alternator, 
(iii.) As a continuous current motor. 

(iv.) As a transformer of alternating currents, either single- 
phase or polyphase, into direct current, 
(v.) As a transformer of continuous into alternating current. 
In the case in which the machine is arranged to give biphase 
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currents, it is necessary 
to have two separate 
circuits, as otherwise the 
armature would be 
short-circuited. If a 
common return wire is 
required, it may be se- 
cured by placing a trans- 
former in circuit, the 
secondaries of which 
may have a common 
return. 

The Schuckert Co. 
also builds polyphase 
alternators with either 
internal or external field- 
magnets. The alterna- 
tors with internal field- 
magnets are of the 
Oeriikon type : for low 
voltages the armature 
has a bar winding, and 
for high voltages it is 
equipped with coils 
placed in channels in 
the surface of the arma- 
ture core. 

Alternators with ex- 
ternal field-magnets are 
built in the following 
manner : The cores of 
the magnet coils, of cast- 
steel, are fixed on the 
inside of a ring cast in 
two halves, the bottom pu 
half being secured 
the bed-plate, and the 
top half bolted to it. 
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The armature consists of a smooth drum of laminated iron, 
the coils being fixed on the periphery by means of wire bands. 

The Schuckert Co. as a rule only build alternators of small 
output of this type (up to 30 k.w.) ; but at the Buda-Pesth central 
station there are 100 k.w. biphase machines with external field- 
magnets. 

Fig. 93 gives the curve of commercial efficiency, and losses in 
the armature and field-magnets, of a triphase alternator of 80 k.w., 
with external field-magnet. The full curve shows the armature 
loss, the next above it the commercial efficiency, and the highest 
the losses in the field-magnets. (The ordonnates represent 
efficiency and watts lost in resistance, while the abscissae denote 
the load in kilowatts.) 

Siemens and Halske Alternator. — Fig. 94 represents an 
alternator of this type, which is intended to be driven by the 
engine direct Machines driven by belt are provided with three 
bearings instead of two. 

The armature consists of a laminated iron ring, clamped 
by bolts between cast-iron flanges. On the inner surface of this 
ring there are grooves of the shape shown in fig. 13, in which the 
insulated bars which form the winding are placed. The field- 
magnet, which is also laminated, is keyed on the shaft. 

The alternators employed at Chemnitz, for the lighting of the 
town and the running of triphase motors, are driven direct by the 
engine. The field-magnet has 40 poles and runs at 150 revolu- 
tions : the frequency is, there- 



fore. 



20 X 150 ^.0, 
60 ^ 



The ar- 



100 



mature is furnished with a sup- 
plementary winding, designed to 
give ^ E.M.F. of the main wind- 
ing; this winding is used for 
measuring the E.M.F. and syn- \^ 

chronising. 

Fig. 95 gives the curve of fig. 95 

the exciting current : it will be 

observed that it undulates in consequence of the armature reaction. 
Fig. 96 gives the curve of E.M.F. of the alternator on open 
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circuit ; this curve is almost symmetrical with respect to the 
median ordonnate. The curve of E.M.F. at full load is not 
symmetrical in relation to the median ordonnate, as will be seen 
in fig. 97. Both these curves are nearly sinusoidal : in the open 
circuit curve the maximum E.M.F. is a little lower, and in the full 
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Fig. 96 



Fig. 97 



load curve a little higher than in a sine curve with the same 
effective E.M.F. 

Biphase Alternator of the Stanley Electric Co.— This 
machine, designed by Messrs. Stanley, Kelly and Chesney, of 
Pittsfield, yields biphase currents of 1,000 or 2,000 volts potential 
with a frequency of 133. 

The field-magnet revolves and the armature is stationary and 
the two armature circuits are quite separate. As will be seen on 
reference to fig. 98, the field-magnet is formed of a hollow 
cylinder of cast-steel, on the surfece of which the laminated pole- 
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pieces are fixed. These pole-pieces form, as it were, two spur 
wheels at either end of the cylinder, leaving between them a space 
for the single exciting coil. This alternator resembles the Mordey 




Fig. 98 



in that all the pole-pieces on one side of the armature are of one 
polarity, while those on the other side are of the opposite 
polarity. 

The armature is of ring-shape and carries on its inner surface 
two sets of projections, which serve as cores to the coils. Fig. 99 
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shows part of this ring developed ; separate sections are shown 
along the lines a b, c d, e f. Each series of armature coils corre- 
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sponds with a series of polar projections on the field-magnet 
The coils are wound separately on formers and then placed in the 
channels in the armature surface. 




Fig. xoo 



§ 9. Parallel Eunning 

For a long time it was thought that only certain types of 
alternators could be run in parallel, but it is now agreed that it is 
rather a question of the engine than of the alternator. If the 
engines have not a uniform speed during each revolution, the 
alternators may run in parallel, but one machine will be taking 
current for an instant from the other, or else giving current 
to the other, according as the respective speeds alter ; this 
synchronising current may be detected by placing lamps in circuit 
with the two alternators, or in the secondary of a transformer 
of which the primary is in the circuit of the alternators ; the 
lamps will fluctuate in brilliancy, showing that current is passing 
instantaneously from one machine to the other. In 1889 Mr. 
Mordey undertook some experiments on the synchronising of 
alternators of the type designed by himself. The two alternators 
could easily be synchronised, even though the operation was 
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effected at a moment when the machines were not in phase, and 
the fields were excited so as to give different E.M.Fs. The 
tension between the omnibus bars was then the mean between 
the tensions of the alternators. When steam was shut off from 
one of the engines the alternators did not fall out of step, but 
one machine supplied current to the other. When two alternators 
are driven by separate engines, coincidence of phase is maintained 
owing to the elasticity of the steam ; when the alternators are 
driven by belts from a countershaft they are kept in step by the 
belts slipping a little. Alternators, driven by turbines, are very 
easily synchronised. 

The usual method of synchronising one alternator with an- 
other is as follows : The alternator, which is to be thrown in, 
is started on a resistance, and the exciting field gradually increased 
till the terminal E.M.F. is equal to that of the mains. The 
switch, putting the machine on the mains, is closed at the moment 
synchronism is obtained, ^and the resistance then gradually cut 
out. It is not absolutely necessary to run the alternator on a 
resistance ; the field may be excited so that the open circuit 
E.M.F. is equal to that of the mains, and the switch closed when 
synchronism is obtained. After closing the switch the exciting 
current is increased till the new 
machine takes its fair share of the 
load. 

Fig. loi shows one arrange- 
ment for determining when two 
alternators are in synchronism. 
Ti and T2 are two little trans- 
formers, the primaries of which 
are connected in shunt to the 
terminals of the alternators or 
across the omnibus bars. If the 
secondaries Si and Sq are wound 
in the same directions, the lamps 
go out at the instant of synchronism. Instead of two trans- 
formers T| and T2, one transformer, with a double primary, may 
be used. 

The acoustic apparatus, exhibited by the General Electric Co. 
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at Chicago, consists essentially of an iron cylinder, the ends of 
which are closed by iron diaphragms. In front of these dia- 
phragms are placed two electromagnets, one of which is in the 
secondary circuit of the transformer connected to the terminals of 
the machine about to be synchronised, and the other in the 
secondary circuit of the transformer connected to the omnibus 
bars. When the machines are not in phase, the two diaphragms 
emit a discordant sound, but when synchronism is attained a very 
clear note is given out. 

Another arrangement consists in placing a voltmeter hi the 
secondary circuit of a transformer with double primary. The two 
primary circuits are wound in opposite directions and placed 
respectively in the circuits of the two alternators. While the 
machines are not in phase, the needle indicates a certain E.M.F., 
but at the moment of synchronism it points to zero. 





At Zurich the 300 h.p alternators of the Kapp-Oerlikon type 
are thrown into parallel without any phase indicator by choosing 
the moment when the spokes of the armature are in line. 

Fig. 102 shows the connections of a voltmeter Vj, which serves 
to indicate the E.M.F. of the alternator Ai, which is being started 
up, and fig. 103 the connections necessary for voltmeter Vj to act 
as phase indicator : one voltmeter will suffice for both purposes 
if a change-over switch is arranged to make successively the 
connections shown in figs. 102 and 103. 

Hermann-Mailer has employed at the Buda-Pesth central 
station the apparatus represented by figs. 104 and 105 : this 
apparatus enables all proper connections for synchronising to be 
made by the movement of one switch handle, and avoids all risk 
of short circuiting or any other mistake. Blocks of different size 
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are connected as shown in the diagrams, some with the terminals 
of the alternators, and some with the omnibus bars. A handle 




Fig. Z04 

carrying three blocks, which are insulated from one another, 
allows of making the necessary connections. In the position 
shown in fig. 104 the voltmeter indicates the E.M.F. of the 




Fig. ios 



alternator a^ : when the handle is advanced to the position shown 
in fig. 105, the voltmeter shows when the machines are in phase. 
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The other alternators A2, A3, A4 are connected up in exactly the 
same way. 

In the usual method of synchronising, the exact moment when 
the machines are cophasal must be chosen for throwing into 
parallel : this requires great care and a certain amount of skill. 
To avoid this difficulty Mr. Kapp has designed an arrangement, 
by means of which a new machine may be quickly S3mchronised 







Fig. 106 

without any fluctuation of the current, and which requires no special 
skill on the part of the operator. Fig. 106 shows the connections 
of this apparatus, which is in use at the Bristol central station. 
Li and L2 ajre the cables from the alternators, which may be joined 
up to the omnibus bars b b by means of the double-pole-switches 
I. and II. Ammeters a^ and a^ and the safety fuses f are inserted 
in the circuit of one oi^ the cables. Besides the main bars b Bj 
there are two auxiliary bars hh: these latter bars maybe con- 
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nected by means of plugs to any pair of alternator leads, Li l^, &c. 
The Bristol switch-board was designed for five machines, but 
there are only two plugs, so that it is only possible to connect one 
alternator to the auxiliary bars at one time. One of the bars H is 
connected to the corresponding main bar b through the two coils 
A and B in series and the double-pole- switch o ; whilst the other 
bar H is joined up direct to the other main bar b by the same 
switch o. The coils a and b possess so much impedance that, 
with an E.M.F. double that of the alternators, they will only be 
traversed by a current which is a little less than the normal 
current of the machines : switch a and b serve to short-circuit 
the coils. 

Synchronising is effected in the following manner : Suppose 
the machine, of which L2 are the leads, is on the main, and that 
the machine with leads Li is to be thrown in. All the switches 
to the left of II. are open at first. The new machine is run up to 
speed and excited, after which the plugs s are inserted, and switch 
o closed. The current from the main bars b b^ begins to bring 
the new machine into step. Switch a is then closed, and coil a 
cut out of circuit : this brings the new machine more nearly into 
phase, and on closing switch b the machines are thrown into 
parallel without any resistance in circuit. Switch I. is then closed, 
switches o, a and b opened, and plugs s removed, when all is ready 
for a new machine to be connected. 

The American General Electric Co. employs a device very 
similar to the above : a copper tube is pushed over the coils so as 
to diminish the self-induction : this tube takes the place of the 
switches a and b, 

§ 10. Alternator Design 

The frequency and the speed are generally decided upon at 

the outset. If c represents the number of magnetic fields of like 

sign, we have : 

c N ^ 60 F 
F = --, c = — — . 

60 N 

For drum alternators (such as the Brown, Oerlikon, Westing- 
house, &c), the total number of poles is 2 c. 
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For disc alternators with reversed fields (such as the Ferranti, 
Patin, Siemens), the number of poles on one side of the armature 
is 2 c. 

For alternators with fields not reversed (such as the Mordey), 
the number of poles on one side of the armature is c. For 
inductor alternators (of the Cail-Helmer or Kingdon type) the 
number of poles is c. 

For an alternator of the Thury type, the number of teeth on 
the bell is c. 

It will be necessary to take for c the whole number which is 
nearest the calculated value, and modify either the speed or the 
frequency so as to get the right E.M.F. The accompanying table 
will be found useful. 



c 


Number of revolutions for a frequency of 


40 


50 


60 


80 


xoo 


X30 


I 


2,400 


3,000 


3,600 


4,800 


6,000 


7,800 


2 


1,200 


1,500 


1,800 


2,400 


3»ooo 


3,900 


3 


800 


1,000 


1,200 


1,600 


2,000 


2,600 


4 


600 


750 


900 


1,200 


1,500 


1,950 


5 


480 


600 


720 


960 


1,200 


1,560 


6 


400 


500 


600 


800 


1,000 


1,300 


7 


343 


428 


514 


686 


857 


1,114 


8 


300 


375 


450 


600 


750 


975 


9 


266 


333 


400 


544 


666 


866 


lO 


240 


300 


360 


480 


600 


780 


12 


200 


250 


300 


400 


500 


650 


14 


172 


214 


257 


343 


429 


557 


i6 


150 


187 


225 


300 


375 


487 


i8 


133 


167 


200 


272 


333 


433 


20 


120 


150 


180 


240 


300 


. 390 


25 


96 


120 


144 


192 


240 


312 


30 


80 


100 


120 


160 


200 


260 



The next proceeding is to determine the external diameter of 
the revolving part, according to the maximum circumferential 
speed permissible, and it is then possible to draw a sketch of the 
alternator, and find the pitch, dimensions of pole-pieces, &c. 

In a machine with a slight revolving armature, such as the 
Ferranti, a peripheral speed of 80 to 100 feet per second is safe, but 
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for a drum armature 35 to 50 feet per second is enough. When 
the field-magnet revolves, the peripheral speed is determined with 
reference to the air resistance, and is based on the speed of exist- 
ing alternators of the same type. It is very likely that after making 
the calculations given below, it will be found advisable to alter the 
dimensions of the alternator. 

The power and effective E.M.F. are not sufficient data for an 
alternator, as they are for a direct-current dynamo ; the power of 
an alternator is represented by the expression p = e i cos ^, and 
the value of ^ depends on the self-induction of the alternator, the 
self-induction of the external circuit, the resistance of these 
circuits, the capacity of the external circuit, &c., all of which are 
varying quantities. 

If devices such as condensers or synchronous motors are 
placed in circuit, the lag may become zero, when cos ^ = i and 
p = E I ; in this case it is unnecessary to take into consideration 
the reaction of the armature. If no devices are used for avoiding 
the lag of the current, cos ^ may be taken as '8. 

The maximum induction to be used must now be decided on : 
if the armature contains no iron, an induction of from 6,000 to 
8,000 C.G.S. units per square cm. may be adopted, but when the 
armature contains iron, the following values should not be 
exceeded, so as not to cause unnecessary loss through hysteresis. 



Frequency 



40 
50 
60 
70 
80 



Maximum induction 

5,500 6,500 

5,000 6,000 

4,500 5,000 

4,300 4,500 

4,000 4,300 



, Frequency 


Maximum induction 


90 
100 
1 10 
120 
130 


3,700 4,000 

3,500 3,700 

3,200 3,500 

3,000 3,200 

2,800 3,000 



The minimum value of b given by this table being adopted, 
O = s B (s = surface of a coil) may be calculated. 

If E^ be the effective E.M.F., and e' the total E.M.F., we must 
have e' = e^ (i + ?;), since there is a loss of potential due to 
resistance of from i per cent, to 3 per cent. If no steps are taken 
to annul the current lag, e' will be determined in the following 
manner : 
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Referring to fig. 14, we see that 

OE = 



O A, _OA -I- AA, 



cos COS ^ 

o E represents the total E.M.F. developed, o a the effective E.M.F. 
at the terminals, and a Ai the loss of potential in the armature 
(a A, = 17 o a). 

We get then o e = ^AiL±^), 

^ COS0 ' 

or E' = 5i(l±^). 

COS0 

Assuming the value of cos ^ to be *8, we have 
e'=i-25e,(i +17). 

We found in § i that the value of the induced E.M.F. is given by 
the expression, k*«aio"®, a being dependent on the type of 
alternator. 

For a first approximation, we may take k = 2*22, and we get 

E' = 2*22 * «A lO"^ 

From this equation, we derive the value of n (number of turns of 
the whole armature). If b is the number of coils to be joined in 
series, and n^ the number of turns of one coil, we shall have 

bn^-^^n^ or Wj = w, • 
b 

taking for «i the whole number next highest to the number found. 

If the alternator is designed for a given current, the cross- 
section of the armature wire will be determined so as to have a 
suitable current density. If the alternator must be of a given 
power, the value of the current will depend on ^, the angle of lag. 

We shall have : 

p p 



I = 



e^ cos ^ "8 e/ 



In alternators with revolving armature, which contain no iron, a 
current density up to 3,800 amperes per sq. in. may be adopted. 
When the armature contains iron, there is the additional heat due 
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to hysteresis losses, so that it is better not to exceed 1,900 ampferes 
per sq. in. 

Having calculated the section of the wire or ribbon, and 
determined the thickness of insulating material necessary for the 
maximum E.M.F., we can make an estimate of the resistance of 
the armature, and find whether the loss of potential due to this 
resistance will be greater than the assumed value ; if greater, a 
wire of larger section must be used. 

We are now in a position to design the coils, trace the curve 
of E.M.F., and determine anew the value of k. 

From the values of k, ly, «, a, we can now find the new value of 
* ; dividing the latter by s, the surface of a coil, we get the value b 
of the maximum induction, which must not be, at the greatest, 
larger than the smaller value given in the table of inductions for 
different frequencies. Knowing * we can now determine the 
number of ampfere-turns necessary for exciting. 

Since we must have * lines of induction through the armature 
we must have a greater number in the field-magnet, to allow for 
leakage. In an alternator with drum armature we must have 
1*25 O lines of induction through the field-magnet cores; in a 
disc alternator with reversed fields 1-15 to i '2 * ; in a Mordey 
alternator I'l * ; and in a Schuckert or Kapp alternator 1*36 *. 

The number of ampfere-tums necessary for exciting the alter- 
nator will be : 

2V— =:Q/, 

O 4 W^ 

/ being the length of the magnetic circuit, b the maximum induc- 
tion, and ft the permeability of the iron. The curves in fig. 107 

give the values of , ue, the number of ampfere-tums per cm. 

in length of the magnetic circuit. The lowest curve gives the 
values for grey cast-iron, the next for mild steel, and the highest 
for annealed wrought-iron ; ordonnates represent induction per 
sq. cm., and abscissae ampbre-tums per cm. in length. 

Naturally we -must, for different qualities of iron, draw curves 
of permeability in accordance with the results of tests on samples 
of the iron in question. 
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For the air-gap, which includes the armature in the case where 
the latter contains no iron, we shall have : 

Ampere-turns = ^ = 7964 -1 
•4T s 

s being the cross-section of the air-gap, and 4 the length. The 
subjoined table gives the values for a drum armature, as shown in 
fig. 108. 





Section in 
sq. cms. 


Magnetic induction 


Length of 
magnetic 








LAminated iron 


Solid iron 


circuit 


Ring . . . 


Si 


I •25* 

2 X (-85)8, 


I •25* 
2S, 


/, 


Pole-pieces 


s 


I •25* 

•85 s 


I -25* 

s 


2/, 


Air-gap . 


s 


I-25* 

.85 s 


s 


2/a 


Armature 


s. 


« 


♦ 


/, 






•85 s, 


s« 






If Q / be the total number of ampfere-tums required, the wind- 
ing of one pole-piece must produce a magnetising force of ^^ 

2 

ampfere-tums (to q / must be added a certain number of ampfere- 
turns to make up for armature reaction). For a disc armature 
(fig. 109) the values of the induction are given in the next 
table : 
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Section in 
sq. cms. 


Magnetic 


induction 


Length of 

magnetic 

circuit 


Laminated iron 


Solid iron 


Rings 
Pole-pieces 
Air-gap . 


s,. 
s 

s 


IIS* 

2 X (-85)8, 

IIS* 

•8s s 
i-iS* 

•8s s 


II5* 

s 
♦ 

s 


2/, 

4/. 

2 4 



4p 



*ir 



Fig. 109 

If Q / be the total number of ampfere-turns required, the wind- 
ing of one pole-piece must supply — ampfere-tums. 

4 

The last table gives the values for a Mordey alternator,/ being 
the number of poles (fig. no). 



- 


Section in 
sq. cms. 


Magnetic induction 


Length of 

magnetic 

cu-cuit 


Laminated iron 


Solid iron 


Arms (narrow part) . 
Arms (thick part) . 
Core . . . 
Air-gap . 


S 

s. 

Si 
s 


— 


I-I* 

S 
II* 

s. 

/xl-l* 
S| 

♦ 

s 


/, 

la 



The winding of the core must produce Q / ampfere-turns. 
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If the alternator is to supply to a network, in which there are 
devices for getting rid of the current lag, we can at once proceed 
to the calculation of the field-magnet winding ; otherwise it will 
be necessary to add to the number of amp^re-tums found those 
necessary to compensate for the armature reaction. 

If the machine is required to give an eflFective current i the 
number of supplementary ampere-turns will be : 

x^= •oiS6«i i^, 
«i being the number of turns of an armature coil. 




Fig. zzo 



If the machine is to have a given power (to drive motors, for 
example), the effective current will be : 

p 



i* = 



£« cos 



Adding x^ to Q /, as calculated above, we get the total number of 
ampere-turns to be supplied by each field-magnet coil. After 
determining the number of ampere-turns, it is necessary to note 
whether the induction will exceed the values given above. As- 
suming that Q / ampere-turns produce an induction of _ , 
(q / 4- x*) ampere- turns will produce an induction 

S Q» 
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If the value of b, exceeds to any extent the value given in the 
table, it will be necessary either to increase «,, the number of turns 
of the armature, or else enlarge the surface of the field-magnet 
coils (the diameter of the revolving part cannot be altered). 

If the value found for Bi is considerably less than the tabular 
value, we can diminish «i, or even reduce the dimensions of the 
alternator, thus decreasing the peripheral speed of the revolving 
part. 

Generally the exciting current is taken from a circuit with a 
given potential difference e. We must calculate the diameter of 
the wire so that, when no resistance is in circuit, a sufficient 
current passes to excite the alternator at full load \ we must then 
calculate the resistance to be inserted, in order that on open 
circuit the exciting current may be sufficiently reduced. 

Let Q I = A be the number of ampfere-turns necessary to excite 
one magnet coil at full load ; and let r be the resistance of the 
exciting circuit ; 
then e=^ ri. 

We will take an approximate value for /j, the length of a turn, 
assuming that the mean turn is at a distance of from -2 to -4 inch 
from the surface of the core. 

If m be the number of coils to be arranged in series, the length 
of wire will be given by the equation : 

we have r = — - — 1 ; a being the specific resistance, and o the 

t (T 

area of cross-section. 

Since tf = r/='L^AAi* 

we get a = i. 

e 

If e is expressed in volts, l^ in metres, and if a be taken as '02, 
T will be expressed in sq. mm. 

Knowing the cross-section of the wire, we can calculate the 
diameter, and adding to it the thickness of insulating material, we 
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g<^t the total diameter, d^. Allowing a density of about 2 amperes 
per sq. mm., we get 

/ = 2 c. 

Consequently we can determine Q from the equation 

t 

Of course we shall take for q the whole number nearest to the 
determined value. 

If h be the height of the coil in mm., the number of turns per 
layer, «', will be 

I h 

the number of layers, «/, will be given by the equation 
nn, -Q, n, - -; ^. 

We can, if needful, slightly increase ^, without making a new 
calculation, for the magnetic resistance will not be sensibly 
increased by lengthening the core, since the latter is either of soft 
iron or laminated plates. 

We can next find the total length of wire l', and its resistance 
r, and from the latter calculate the loss in watts r^ P ; it will be 
necessary to note whether the cooling surface of the coil will be 
sufficient to dissipate this heat r^ P. If the field-magnet revolves 
the coil ought to have from 4 to 6 sq. cms. of cooling surface per 
watt dissipated, and if the field-magnet is stationary 8 to 12 sq. 
cms. per watt. If the surface is insufficient the current density 
must be diminished and the calculation begun afresh. If the 
cooling surface exceeds the values just given, the density of 
current can be increased and the weight of copper diminished. 

From a sketch of the coil, the length of the average tum l{ 
and the length of the connecting wires 4' can be found. 

The total length of the circuit will be 

L = /«q// + 4'. 

Knowing l the total length of wire, we can calculate r and see 

whether/ = -. If the value of / is found to be too small or top 
r 
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large, the calculation must be performed over again with a new 
value for //, the average length of a turn. 

We have now to determine the maximum resistance of the 
rheostat which is to be inserted in the circuit. 

On open circuit with no current lag, the induced E.M.F. must 
be equal to the eflfective E.M.F. We may assume, without great 
error, that the amp^re-tums are proportional to the induced 
E.M.F. : therefore iif Q i^ be the number of ampere-turns for no 
load, we shall have : 

e' being the induced E.M.F. at full load. 

If we have tn^ exciting circuits in parallel (there being m coils 
in each exciting circuit), the exciting current at full load for the 
Ml circuits must be m^ L 

When the alternator is on open circuit, the total exciting cur- 
rent must be m^ i\. 

The resistance of the parallel circuits is — , and we get at full 
' tf = — »ii / = r/. 

If R is the resistance of the rheostat, we must have on open 
circuit : 



.= (r + ^)«,./; 



from this equation we can find r the resistance to be given to the 
rheostat. 

If the exciting current is to be supplied by a special shunt 
dynamo, we must know the E.M.F. of this dynamo when the alter- 
nator is running with full load. We can then determine, in the 
manner indicated above, the resistance r of one exciting circuit, so 
that the total exciting current for the mi parallel circuits may be 
ffii i : and finally calculate the resistance to be inserted in the excit- 
ing circuit of the shunt dynamo, so that, when the alternator is on 
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open circuit, the terminal E.M.F. of the shunt dynamo may be 

When the alternator is self-exciting, we must know the power 
spent in excitation (generally i per cent, to 3 per cent of the total 
power), and increase the effective armature current by this amount. 
If the potential difference at the terminals is too great, we must 
transform the current before it passes through the rectifier and 
find the ratio of transformation, taking for the effective potential 
difference at the terminals of the secondary a suitable value e : 
we can then determine as before the section of the wire, and the 
resistance of the rheostat. 

The efficiency of the alternator may be calculated by deter- 
mining the various losses by friction, resistance, hysteresis and 
Foucault currents. 

The two accompanying tables will be useful in determining 
the losses by hysteresis and Foucault currents. 

To find the Foucault current loss per cubic cm., it will be 
sufficient to multiply the values of -16 f'b* 10"^* by the square of 
the thickness of the lamination, expressed in tenths of mm. 



Values of '16 f*b* io"** 



Maximum 


Number of cycles per second 


induction 
persq. cm. 


40 


50 


60 


80 


zoo 


133 


2,000 


•OOOOIO 


•000016 


•000023 


•000041 


•000064 


•000113 


2,500 


•000016 


•000025 


•000036 


•000064 


•OOOIOO 


•000177 


3,000 


•000023 


•000036 


•000052 


•000092 


•000144 


•000255 


3,500 


•000031 


•000049 


•000071 


•000126 


•000200 


\XDO35O 


4,000 


•000041 


•OOOO64 


•000092 


•000164 


•000256 


•000453 


4,500 


•000052 


•000081 


•0001 16 


•000207 


•000324 


•000573 


5,000 


•000064 


•oooioo 


•000144 


•000256 


•000400 


•000708 


5»5oo 


•000077 


•OOOI2I 


•000174 


•000310 


•000696 


•000856 


6,000 


•000092 


•000142 


•000207 


•000369 


•000576 


•OOIOI9 


6,500 


•000108 


•000169 


•000243 


•000433 


•000676 


•OOII96 


7,000 


•000125 


•000196 


•000282 


•000502 


•000784 


•001387 


7,500 


•000144 


•000225 


•000324 


•000576 


•000900 


•001592 


8,000 


•000164 


•000256 
•000289 


•000369 


•000655 


•001024 


•OOI81I 


8,500 


•000185 


•000416 


•000740 


•OOII56 


•002045 


9,000 


•000207 


•000324 


•000467 


•000829 


•001296 


•002292 


9,500 


•000231 


•000361 


•000520 


•000924 


•001444 


•002554 
•002830 


10,000 


•000256 


•000400 


•000576 


•001024 


•001600 
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Values of fb'-" io-' 



Maximum 
induction 
per sq. cm. 




Number of cycles per second 




40 


SO 


60 


80 


zoo 


133 


2,000 


7658 


•9563 


1-1487 


I -5316 


I -9125 


2*5439 


2,500 


I -0934 


1-3667 


I -6401 


2-1868 


2-7334 


3-6354 


3,000 


1-4637 


1-8295 


2-1955 


2-9274 


3-6590 


4-8668 


3.500 


1-8731 


2-3414 


2-8096 


3-7462 


4-6828 


6-2282 


4,000 


2-3193 


2-8991 


3-4789 


4-6386 


5-7982 


7-7116 


4,500 


28003 


3-5004 


4-2005 


5-6006 


7-0008 


9-3109 


5>ooo 


3'3H5 


4-I431 


4-9717 


6-6290 


8-2862 


1 1 -0206 


5,500 


3-8605 


4-8256 


5-7907 


7-7210 


9-6512 


12-8361 


6,000 


4-4372 


5-5464 


6-6558 


8-8744 


1 1 -0928 


14-7535 


6,500 


5*0434 


6-3042 


7-5651 


10-0868 


12-6084 


16.7692 


7,000 


5-6783 


7-0978 


8-5174 


11-3566 


14-1956 


18-8801 


7,500 


6-3410 


7-9261 


9-5115 


12-6820 


15-8523 


21-0838 


8,000 


7-0308 


8-7885 


10-5462 


14-0616 


17-5770 


23-3774 


8,500 


7-7470 


9-6837 


1 1 -6205 


15-4940 


19-3674 


25-7885 


9,000 


8-4888 


10-61 14 


12-7332 


16-9776 


21-2228 


28-2254 


9,500 


9-2558 


11-5798 


13-8837 


18-5116 


23-1596 


30-7758 


10,000 


10-0475 


12-5595 


15-0712 


20-0950 


25-1191 


33-4081 



In order to find the hysteresis loss per cubic cm., the values 
in the latter table of fb^*^ io~^ must be multiplied by the appro- 
priate value of 17. 

M. Steinmetz has obtained values of r\ for a large number of 
different kinds of iron, of which the following are the most im- 
portant : 

Very soft iron wire "n — '002 

Very thin soft iron laminae = '0024 

Thin laminae of good iron = -003 

Thick laminae = '0033 

Very common laminae for transformer cores . . = '004 — -0045 

Mild cast steel annealed = '008 

Mild steel for machines = -0094 

Ordinary cast steel . . . . . . = -012 

Cast iron = -0162 

Hardened cast steel ." . . . . . = -025 
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Fig. Ill 



§ I. SevolYing Fields in Practice 

In works on the theory, the field produced by polyphase currents 
traversing loops which are arranged symmetrically round a 
common axis are investigated, and it is demonstrated that, given a 
constant magnetic resis- 
tance, the field produced 
is uniform. 

Practically the mag- 
netic resistance is not 
constant, in consequence 
of hysteresis and eddy 
current losses, and the 
variation in magnetic 
permeability. 

Fig. Ill shows the 
a^arangement of the loops 
to obtain a biphased 
field, two circuits being 
wound on the periphery 
of a drum : fig. 112 
shows a triphased field, 
the three circuits being 
placed on the inside of 
a ring. 

It is also practicable to obtain revolving fields by means of 
pole-pieces : fig. 113 shows the arrangement of a biphased field. 

In this case the intensity of the field is not constant even 




Fig. 1X2 
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though the magnetic resistance is uniform : it varies in the ratio 
of - - or , as will be evident on determining the resultant 

k/2 1*41 




Fig. X13 



Fig. Z14 




Fig. IIS 



Fig. 116 



field at different angles from the horizontal. In a triphased field 
with pole-pieces, the intensity of field is more uniform : it varies 

in the ratio of i : — ? or i : ri6. 
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Another method of obtaining revolving fields is by the use of 
a Gramme winding, the coils being arranged on a ring of laminated 
iron. Fig. 114 shows the arrangement of a biphase winding, 
covering the entire surface of the ring : coils i and \' are wound 
in opposite directions, coil 2 in the same direction as coil i, and 
coil 2' in the same direction as coil i'. 

Fig. 115 gives the plan of a Gramme winding for triphase 
currents with star connection, and fig. 116 the same with triangle 




Fig. X17 

connections. In both cases the three coils are wound in the 
same direction. 

As the fields produced by Gramme windings are far from 
being of constant intensity, it is an advantage to increase the 
number of coils, for by so doing the constancy of the field is 
increased. 

Dobrowolsky, by winding each phase twice on the ring in 
opposite directions (fig. 117), has been able to produce, with 
triphase currents, a field corresponding to that obtained with six 

currents lagging behind one another by an angle ^ - . He has 
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also obtained with three currents, with a phase difference of — , 

3 
a revolving field corresponding to that produced by twelve cur- 
rents differing in phase by — , by means of combining the star 

mounting with the triangle. Fig. ii8 gives the plan of this 
method of connection. 







Fig. ii8 

Haselwander has obtained a revolving field, by means of 
a Gramme ring, provided with a continuous winding as shown in 
figs. 119 and T20. It should be remarked here that in the case 
of a biphase current (fig. 119) it is necessary to employ two return 
wires, as otherwise there would be a short circuit in the ring. 

The Haselwander system can be used for drum windings, all 
the bars being connected at one of their ends by means of a ring. 
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Figs. 121 and 122 show a biphase drum winding arranged on 
the inside of a ring. 

In all the systems which we have examined so far, the field 
produced is bipolar and makes a complete revolution for every 




^ 



^ 



?^ 



Fig. 181 



Fig. 123 



period. The angular velocity is equal to the pulsation or angular 
speed of the current. The speed of a synchronous motor, or 
even that of an asynchronous motor (for in practice, as we shall 




Fig. 



see, the speed of such motor is very near that of synchronism), 
may be a great deal too high. It becomes necessary then to 
produce multipolar fields, in order to reduce the speed of the 
motor. If the field has 2/ poles, the speed is the/*^ part of the 
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angular velocity or pulsation of the current, and the number of 

revolutions of the field is given by the expression n = ^— . The 

P 
field is then far from being of uniform intensity, as will be seen 
by determining the resultants graphically ; but, since the armature 
reaction tends to render it more constant, we shall not be very far 
wrong in assuming it uniform. 

Multipolar fields may be produced by a drum winding, and 
the motors are identical with the bar-wound polyphase alternators 




Fig. 124 

we have described above and illustrated in figs. 67-70. A biphase 
field with 2/ poles is formed by 8/ bars or groups of bars ; a 
triphase field by 12/ bars or groups of bars. 

Multipolar fields with pole-pieces have been investigated in 
the case of polyphase alternators as shown in figs. 64, 65, (^(i. 

We can also produce multipolar fields by a Gramme winding : 
the wire corresponding to each phase is wound so as to form 2/ 
coils (the field having 2/ poles), arranged symmetrically round a 
ring and wound alternately in opposite directions. 

H2 
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Fig. 123 gives the plan of a biphase winding producing a 6-pole 

field -(N = ^). 
3 
There are six coils for each phase, i — i' — ii — 1/ — i" — i/', 

and 2-— 2i — 2'— 2/— 2" — 2/', coils i— ij — i"— 2— 2'— 2" being 

wound in one direction and coils i' — 1/ — i/' — 2^ — 2/ — 2/' in 

the opposite direction. 

Fig. 124 gives the plan of a triphase winding, producing a 

revolving field with four poles, there being four coils for each phase. 
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Fig. 125 

In general, it requires 4/ coils for biphase currents, and in the 
case of triphase currents 6/ coils, to produce a revolving field 
with 2/ poles. 

In the same way multipolar fields may be produced by the 
Haselwander system (continuous Gramme winding). Fig. 125 
gives the plan of a biphase field with four poles, the coil being 
divided into eight parts. 



MOTORS loi 

§ 2. History and Classification of Motors 

Professors Hopkinson and Gryll Adams were the first to make 
experiments on the transmission of energy by means of a single- 
phase motor. 

Their inability to start without special arrangements prevented 
their use, more especially for motors of small power, when the 
addition of a starting mechanism became relatively very expen- 
sive. A motor which could start under load without any special 
device, was what was required. 

In his celebrated experiment Arago showed that a disc would 
revolve under the influence of a revolving magnetic field. 

In June 1879 Walter Baily read a paper at the Physical Society 
on a method of producing the rotation of an Arago disc by using 
fixed electro-magnets. The alternating currents, differing in 
phase by J-period, were produced by a battery and a special 
commutator, and the two electro -magnets were placed radially 
at a little distance from the disc which they caused to revolve. 

In 1880 M. Marcel Desprez made experiments with biphase 
motors : one of them, with an output of ^ h.p., had a fixed field, 
produced by an electro-magnet between the poles of which 
revolved an armature which had two windings at right angles, 
traversed by two alternate currents, differing in phase by 
J-period. 

In 1884 M. Ferraris built a biphase motor, and expounded 
the theory of revolving magnetic fields. 

In 1888 M. Tesla, who was in ignorance of the work of M. 
Ferraris, took out a great number of patents relative to polyphase 
motors ; he only built biphase motors, but in one of his patents 
he described a triphase motor with star-winding. 

Then MM. Hutin and Leblanc, Wenstrom, Von Dolivo 
Dobrowolski, Brown, and others turned their attention to the 
subject, and in 1891, at the Frankfort Exhibition, the experi- 
ments on the transmission of energy by polyphase currents 
undertaken by the AUgemeine Electricitats-Gesellschaft and the 
Oerlikon Co. gave a great impulse to the use of polyphase 
currents. 

For some considerable time' attention has been paid to 
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asynchronous single-phase motors, which cannot, it is true, start 
of themselves ; however, the starting devices are very simple. 

In 1889 EHhu Thomson exhibited one of these motors at 
Paris. MM. Hutin and Leblanc built one, of which they gave a 
description in 1891. 

The recent work of Brown, Dobrowolski, Kolben, Hutin, and 
Leblanc has rendered these motors quite practical. 

In order to facilitate the study of alternate current motors we 
shall divide them into two classes. 

(i.) Synchronous motors. 

(ii.) Asynchronous motors. 

Synchronous motors may be subdivided into single-phase and 
polyphase motors. 

In the case of asynchronous motors, we shall study polyphase 
motors first, as they came into practical importance before single- 
phase motors. 

§ 3. Single-phase Synchronous Motors 

The motors most used are separately excited by a continuous 
current, but there are also small motors with a constant field, 
obtained by rectifying the alternating current in the magnets. 

Motors with Constant Field. — Any alternator will act as a 
motor if it is supplied with current of the right frequency. The 
number of revolutions per minute is given by the equation 

M 

F being the frequency, and m the number of poles of the same 
sign. 

It is necessary that the motor should be run up to speed 
and synchronised before the load is thrown on to it. Small 
motors may be run up by hand to the right speed for synchronis- 
ing, but with large motors some starting device must be employed. 

For example, the motor may be employed in driving a con- 
tinuous current dynamo for charging cells ; in this case the alter- 
nating motor will be run up to speed by the continuous current 
dynamo taking current from the cells. 
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Another starting device consists in placing on the motor 
spindle a small asynchronous single-phase motor, which will 
enable it to start from rest. This arrangement has been adopted 
by the Oerlikon Co. for a 90 h.p. motor, installed in a mill at 
Coire. The auxiliary asynchronous motor is of 9 h.p. When 
synchronism is attained, the motor drives all the machinery in 
the mill. In spite of the variation in the load, the motor has 
never fallen out of step, and the number of revolutions is 
absolutely constant. 
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The efficiency of this motor is very high ; fig. 126 gives the 
curves of eflficiency, effective current, and power factor (the 
lowest curve is that of current, the next of efficiency, and the 
highest of the power factor ; ordinates represent ampferes, and 
percentage and abscissae the load in h.p.). The power factor is 



true watts 



E I cos 6 
=- ^ = cos 0. 



apparent watts e i 

Blakesley's graphical method shows well the working condition of 
a synchronous motor, o a (fig. 127) represents the impressed 
E.M.F. at the motor terminals. If e be the maximum value of 
the impressed E.M.F., we have : 

E^ = w o A, 
m being a constant. 
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If o B represents the counter E M.F. of the motor, making an 
angle v// with the impressed E.M.F. o a, we have 

E^ = w o B. 

If we take o b' = o b, b' a will represent in magnitude and 
direction the resultant E.M.F., and we have : 

E^ = ;« b' a. 

If L is the coefficient of self-induction of the motor, r the 
armature resistance, and if tan ^ = — , taking the angle 

b' A c = 0, and dropping from b' a perpendicular on a c, we shall 
have : 

Ej = ;« b' c, 

Ej being the maximum value of the E.M.F. of self-induction ; ca 
will represent the effective E.M.F., which agrees in phase with 
the current. 

If I is the maximum value of the current, we have : 

E^ __ w c A 
r r 

The power supplied to the motor is : 

p« = — cos D A o. 

2 

Dropping the perpendicular o d from o on c a, we get : 

COSDAO = — , 
OA 

therefore p^ = — o a.c a — = — c a.d a. 

2r o A 2r 

The power wasted or transformed into heat is : 



^, = r-=JJ^CA'=-CA^ 
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The useful power is : 

p^ = — 4z. — — cos (angle between c a and o b) 

a/2 >/2 



WOB m CA 



— cos (angle between c a and o b) 



s/2 ^ \/ 2 

= — o B'C A* sin b' O D 
2r 



W^ ^^.^ ^ .DC 

= — OB'CA • — - 

2r OB' 

= — c A-D c (since o b = o b'). 
2r 



We see then : 

(i.) The power furnished to the motor is proportional to 

D AC A. 

(ii.) The power wasted is proportional to c a*. 
(iii.) The useful power is proportional to dcca. 

The efficiency therefore is : 

DC'CA _ DC 
D AC A D A 

We can investigate the variation in value of these quantities, 
assuming that the impressed E.M.F. is given, and that the counter 
E.M.F. remains constant. The locus of the point d is a circle 
with o A for diameter, and the locus of the point b' a circle with 
centre o (fig. 128). 

To find the locus of the point c take the angle f a o = ^, and 
from G, the point where the circle b' cuts a o, drop the perpen- 
dicular G H on A F ; it is easy to prove that the circle with centre f 
and radius f h is the locus of the point c. 

It will readily be seen that the current will be a minimum 

when its maximum is represented by a h (i^,„. = ^ a h), that is 

to say, when the counter E.M.F. is exactly opposed to the 
impressed E.M F. (vl/ = 180°). 
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In 1890, at Cassel, where continuous-current dynamos are 
driven by synchronous motors, to which current was supplied by 
alternators at some distance from the town, it was noticed with 




Fig. 128 



the same power supplied to the motor the effective armature current 
varied with the exciting current. 

As the curves in fig. 129 indicate, the armature current is a 
minimum for a certain value of the exciting current, and if the 
latter is either increased or diminished the former will be larger. 
These curves were plotted by Mr. Mordey from two of his motors 
which were supplied with a constant power, (Ordinates represent 
armature current, and abscissae exciting current.) Mr. Mordey 
found that the exciting current, which gives the minimum 
armature current, is almost the same at every load ; this was 
owing to the fact that his motors possess very little self-induction. 
When the self-induction is large the exciting current, which 
gives the minimum armature current, increases slightly with the 
load. 

If we note the angle of lag of the armature current behind the 
impressed E.M.F., we shall find that at first the current lags 
behind the E.M.F. ; as the excitation is increased the angle of 
lag diminishes until it reaches zero, when the armature current is 
a minimum ; on increasing the excitation still further the angle of 
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lag changes its sign {i,e, the current is in advance of the E.M.F.) 
and increases in size with the exciting current. 

It is possible, therefore, by changing the excitation of a 
synchronous motor, to alter the phase difference of a circuit — i.e. 
the motor may play the part of a condenser, and in this way the 
capacity of a circuit may be increased since the apparent resist- 
ance may be diminished. 

The following explanation may be given of this property of a 
synchronous motor. It will easily be seen that the lag of the 
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current behind the E.M.F. will increase the intensity of the field, 
whereas when the phase of the current is in advance of that of 
the E.M.F. the tendency will be to reduce the intensity of the 
field. . If, therefore, the exciting current of a motor is too small 
to produce the necessary counter E.M.F., the armature current is 
obliged to reinforce the field, and is therefore retarded in phase ; 
if, on the other hand, the motor is over-excited — t.e. so as to 
produce too great a counter E.M.F., the armature current must 
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exert a demagnetising effect, and consequently is in advance in 
phase of the E.M.F. 

We can calculate sufficiently accurately the number of ampere- 
turns to be added to the exciting coils, in order to annul a given 
retardation, from the formula of Mr. Kapp : 

x^= -0156 «^> I, 

being the angle of lag in degrees, and i the effective current, 
which may be found from the equation, 

I E„ cos ^ = P, 

E^ being the effective E.M.F. at the motor terminals, and p the 
power. 

If it is required to advance the current 0° in front of the 
E.M.F., we must add to the ampere-turns found above the 
number found from the equation : 

x'i = -oisew^i^ii, 

I J being given by the equation 

ii E^ cos ^1 = p. 

In consequence of the report of Professor Forbes on the 
utilisation of the Niagara Falls, in which he gives biphase motors 
the preference over single-phase, a discussion was raised on the 
question of the transmission of energy by synchronous motors 
over a line possessing a certain resistance. 

Mr. Mordey undertook some experiments with synchronous 
motors of the Mordey-Victoria type, the result of which was that 
he found it possible to insert in the circuit a considerable resist- 
ance (much larger, in fact, than it would be economical to allow 
for transmission of energy) before the motors fell out of step. 

M. Boucherot, in experiments with biphase synchronous 
alternators which work under the same conditions as single- 
phase alternators, found that he could maintain synchronism 
when he allowed for a line loss of 40 per cent. ; beyond that 
figure they fell out of step. 

Motors with Rectified Field.— The Ganz firm builds syn- 
chronous motors of small power, the magnets of which are excited 
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by the rectified armature current, taken direct from the armature, 
if of low tension, and if of high tension, from the secondary of a 
transformer. 

The current rectifier is the same as that used for the self- 
exciting Ganz alternator described above. On starting up, the 
magnets are not sufficiently excited to give a torque strong 
enough to bring the motor into synchronism. It is necessary to 
raise one brush of each pair and allow sparking to take place ; 
as soon as the motor is synchronised the brushes may be 
dropped again. The Ganz firm has invented for this purpose an 
automatic device, which consists of a governor which only allows 
the brushes to drop when its balls are separated to a certain 
extent. 

A committee appointed by the town of Frankfort made 
several experiments with a Ganz motor excited by rectified 
current. 

A motor of 25 nominal h.p. gave a commercial efficiency of 
from 82 per cent, to 88 per cent. It had to be started by hand, 
but as soon as the synchronising speed was attained (not more 
than one minute was required) the load was increased gradually 
to 40 h.p., or 60 per cent, above its nominal power. At starting 
the sparks were two inches in length, but they had very little 
effect on the commutator. 

The committee of the Frankfort Exhibition, in 1891, made 
experiments with three Ganz motors, of 10, i, and \ h.p., 
exhibited by the Helios Co., of Cologne. The power supplied to 
the motor was measured by means of a wattmeter, and the useful 
power by means of a brake. The 10 h.p. motor with six poles 
worked at an effective E.M.F. of 1,000 volts, and its speed was 
833. The motor started automatically under no load with much 
sparking, and reached the speed of synchronism in \ minute, 
when the sparking ceased. 

The efficiency was about 80 per cent., but it should be 
remarked that the brake pulley got hot during the experiments ; 
consequently the temperature of the bearings was raised and the 
efficiency diminished. 

The I h.p. motor with four poles worked at an effective E.M.F. 
of 105 volts, and its speed was 1,250, 
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In seven experiments the motor started twice of itself when 
fitted with the brake, which corresponded to a torque equal to '142 




of the normal torque at synchronism ; and three times when the 
brake was loaded with -5 kilogrammes, which corresponded to '36 




1000 1500 
Fig. 131 



2000 Tfatt 



of the normal torque. Fig. 130 gives the efficiency of this motor 
at various loads. 
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The ^ h.p. motor with four poles worked at an E.M.F. of 
105 volts. At the maximum load, when the brake was loaded with 
2*327 kilogrammes, which corresponded to a power of x*o7S h.p., 
ue, double the nominal power, the motor dropped out of step twice 
in three trials. Fig. 131 gives the efficiency of this motor at 
various loads. 

§ 4. Polyplnase Synohronoiu Motors 

Every polyphase alternator will act as a synchronous motor. 
The advantages which they possess over single-phase synchronous 
motors are that the motor will start of itself, and that the torque 
is a constant instead of being a varying quantity. 

As with single-phase motors, the difference of phase between 
the E.M.F. and the current varies with the excitation, and conse- 
quently synchronous polyphase motors may be used, instead of 
condensers, to annul the current lag. 

The Lahmeyer Co., of Frankfort, has applied this principle to 
the distribution of power by triphase current at Bockenheim, where 
synchronous motors are supplied with triphase currents at 600 volts. 
This arrangement has almost entirely done away with the current 
lag, and consequently the power of the generators is much in- 
creased. 

Hutin and Leblanc Motor. — In their system of transforma- 
tion of polyphase into direct current, MM. Hutin and Leblanc 
employ synchronous motors to drive the revolving commutators. 

The motor, when it is bipolar, has the appearance of a Man- 
chester dynamo : the field-magnet is provided with current by a 
battery of accumulators or by the dynamo. The armature is 
supplied with polyphase currents, and is wound in a manner to 
produce a bipolar field. 

As very perfect synchronism must be obtained, MM. Hutin 
and Leblanc have adopted the following arrangement : The pole- 
pieces are perforated as nearly as possible to the air-gap, in order 
to receive copper bars, which are connected at each end to a 
ring, so that they form a kind of mouse-mill. As long as the 
motor revolves synchronously the field remains fixed in space. 
If there is any tendency to fall out of phase the field is displaced, 
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so that powerful currents are induced in the bars of the mouse-mill, 
which prevent the motor dropping out of step. 

By over-exciting the motor MM. Hutin and Leblanc succeed 
in getting the current into phase with the E.M.F., so that when 
the commutator breaks the different circuits there is no sparking. 

Schuckert Motor. — This motor is built exactly in the same way 
as the alternator which we have described above (fig. 92) ; the 
biphase motor is provided with four rings to receive the alternate 
currents, and a commutator provides the current necessary for 
excitation. 

The motor cannot be excited before it has reached the speed 
of synchronism, otherwise it would stop. On starting up the 
exciting circuit is broken and biphase current sent through the 
ring. The motor then acts as an asynchronous motor, of which 
the armature is formed simply by pieces of iron. It starts by 
itself and soon reaches a speed sufficiently near to synchronism 
for it to revolve when the magnet . is excited. It is necessary, 
then, to be able to determine the moment when synchronism is 
nearly attained, for if the exciting circuit is closed too soon the 
motor will stop. For this purpose a voltmeter is placed in 
shunt on the terminals of the exciting circuit. As long as the 
speed is not high enough the field revolves in space (with a speed 
equal to the difference of speed between the field and the ring) 
and the pole-pieces are subjected to a varying induction which 
causes the needle to oscillate. When the speed is high enough 
the field is stationary in space, and the voltmeter needle is at 
rest. 

The Schuckert firm has installed at Buda-Pesth synchronous 
motors, which drive continuous current dynamos for lighting the 
town and charging a battery of accumulators. The field-magnet 
is of ring shape and carries the pole-pieces on the inside. The 
armature is a ring with a Gramme winding, taking, by means of 
brushes and rings, biphase currents at a pressure of 1,800 volts. 

The 1 20-kilowatt motors have eight poles, and run at 400 revolu- 
tions per minute ; the 240-kilowatt motors have sixteen poles and 
run at 200 revolutions. 

Exciting current is furnished by the accumulators. When 
starting up, the dynamo acts as motor and derives current from 
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the cells. As soon as the speed of synchronism is reached (which 
is determined by a voltmeter), the main switch is closed, and the 
motor begins to drive the dynamo. 

Tesla Hotor. — Fig. 132 gives the plan of a synchronous bipolar 
Tesla motor for biphase currents. In the interior of a ring, 
provided with a Gramme winding, 
is placed an electro-magnet which 
is capable of rotation. The ends 
of the electro-magnet winding are 
connected to two rings on which the 
brushes b and b' rub. 

On starting, the electro-magnet 
winding is closed and the motor 
starts as an asynchronous motor, 
but if the resisting torque is not too 
strong the speed of synchronism is 
soon reached. 

The electro-magnet then makes with the field an angle ©f 
retardation, of which the size depends on the resisting torque. If 
for any reason the angle of retardation increased, the winding of 
the armature would react so as to increase the field and in con- 
sequence the torque. 

In Tesla polyphase motors, if the number of poles of the field 
is 2/, the armature carries 2/ projections, each provided with a 
winding. 

The windings of the armature may be closed, but the power 
of the motor is a great deal increased if it is supplied with a 
continuous current, so that the polarity remains constant. 




Fig. 132 



§ 5. Theory of Asynchronous Motors 

In this section we shall attempt to give as simple as possible a 
theory of asynchronous motors. 

Let us first determine the power which must be supplied to 
an armature (formed of m turns, or loops arranged symmetrically 

round a common axis, and making an angle of — with each other) 
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in order that it may revolve with an angular velocity Kj in a 
stationary magnetic field of constant intensity. 

Let B^ be the intensity of the field, s, r, and / the surface, 
resistance, and coefficient of self-induction of one armature turn. 

Suppose the armature revolving in the direction of the arrow 
(fig. 133), the perpendicular to loop i making an angle (ki t-\-a) 
with the field at the given instant 




The loop n will make the angle : 

m 2 

The flux of induction passing through this loop will be ; 

B,ssin/'Ki/+a+ (^nih + !r'\ 
V m 2) 

= B, S cos /'ki / + a + (^-Q^Y 

The E.M.F. induced in this loop will be : 

^^=KjB,ssin/'Ki/ + a + (^ ~ 0_^Y 
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The current will be given by the equation 



/„ =£lAfcoS(/> sin /'k, /+ a + (.^^Li)-'' - ^ V 



r 



tan ^ being equal to 51^=^1-^, putting l for ^ ( 
2r r 2 

The electrical power will be : 

^,/„ =iEl!?£!5_%os^sin ("k/ + a H- <^""')^ '\ sin 

Since sin « sin ^ = ^ < cos {a-^ b) — cos (a + ^) J we get : 
e„ i^ = __l__f — cos < cos — cos ( 2 Ki / + 2 a 

The total electrical power will be the sum of the powers in the m 
loops. Remembering that the sum of the cosines of m angles, 
which form an arithmetical progression of which the common 

ratio — , is equal to zero, we shall obtain the expression for 
tn 

the total power : ^ ^ b^^ §2 

r P = — t — Ki^ cos* 0. 

2 r 

As cos^ = 5- 

I + tan^ 

2r 1+-^'^ 



r» 



WB/S-' _ _ K 



X r X ^-^- 



2 



Since the power is equal to the product of the torque into the 
angular velocity, we get for the torque the expression 

T = ^^^KiCOsH. 

zr 

\ 2 
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The power is expressed in ergs per second, and the torque in 
ergs if all the other values are expressed in C.G.S. units. 

It is easy to see that inversely if a uniform magnetic field 
revolves with a velocity Ki round an armature formed as described 
above, it will give rise to a torque for which we have just given 
the expression. 

Asynchronous Motors with Bevolving Field. — The uniform 
field revolves in space with a speed k equal to the angular velocity 
or pulsation of the current (k = 2n- f), and the armature revolves 
with a speed k', so that on the whole the field revolves round the 
armature with a speed Kj = (k — k'). 

As proved above, the torque of the motor will be : 



r» + (k - K')* l2 

=:K-K'^^^^C0s2f 

2 r 

The power of the motor or the work done in the unit of time will 
be (since the angular velocity is k') : 



V + (k-k7l2 

= k' (k - K') ^Hl^I^ cos2 ri>. 
2 r 

The current in the n^"^ turn of the armature is : 

K, B- s 

1 _ \ o ^ 



cos 



sin ^Ki / + a + (^-')^ - 0) 



The effective armature current, which is the same in all the turns, 
will be : 

>/2 r sj 2r 

The loss of power in consequence of the resistance of the m loops 
will be : 

zr ^ 



MOTORS tl7 

If only the armature loss is taken into account, the efficiency will 
be: 

k^(k-kO 



p + p^ k' (k - k') + (k - k')« k 

The efficiency will therefore be the higher the nearer k' is 
to K — that is, the nearer the motor is to the speed of syn- 
chronism. 

The expressions for the torque and the power may be put in 
another shape. If the field-magnet possesses n turns, traversed 
by currents of maximum intensity i, we shall have 

This expression is the resultant intensity of all the components 
of the fields produced by the turns all round the periphery of the 
field-magnet, taken in the direction of *^ (fig. 141). 

^" is the intensity of field created by a current of unit value 
passing through one turn of the magnet coil, b^s will be the 
coefficient of mutual induction of an armature and field-magnet 
loop when in parallel planes ; if we designate this coefficient by 
M, we shall have : 

t = (k-k')^m2cos20i2 

O T 

— ^^ m2 K — K^ ^2 

The currents, circulating in the armature, give rise to a field 
which revolves with the same speed as the main field, and is 

retarded behind the latter by an angle ( - + ^ ). The intensity 

of this field is given by the equation : 

2 

b' being the intensity of the field created by unit current circula- 
ting through one loop of the armature. 
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We get then (x being the maximum value of the armature 
current) : 

X = (k - K') ^"^ cos = (k - kO ^^COS0I 

and b; = (k ^ kO^^^^ B'cos^i 

Suppose the n loops of the field-magnet to be traversed by 
polyphase currents, such that the field-magnet loops make 

angles of - with each other, and the currents in the loops are 

retarded in phase by an angle - behind each other, the /*** loop 
will be traversed by a current of which the intensity will be : 



i^ = I sin ( K / + <- ^- TT j. 



I being the maximum value of the polyphase current. The 
field created by the field-magnet coils makes with this loop the 
angle : 

n 

so that the armature field will make the angle : 

n 2 

If s' be the surface of a loop of the field-magnet, the flux of 
induction will be : 

B/s'sin /'k/ 4-^^:-ix - - - 0) = 

- b; s' cos ^k / +^^JZi TT - ^ V 
and the induced E.M.F. : 

ej' = — K b/ s' sin (yl. t-\-^-^^ 'f - ^ )• 

The impressed E.M.F. at the terminals will be : 
^„ = E^ sin ( K / 4- ?-^^ TT + fl J . 
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The E.M.F. of self-induction will be (if / is the coefficient of 
self-induction of one of the loops of the field-magnet, and if we 

put l' = — , \I being the resultant self-induction ol the n 
loops) : 

tf^' = — K l' I cos ( K / -h ^ ~ ' ^ -" ♦ j 

r' being the resistance of one loop, applying Ohm's law, we shall 
have : 

^n + <?«' + <?«''= ^/«, 

or 
E^sin^KZ+^^-^^T + ^) = KB/s'sin^K/+^ZLi,r-^^ 

Making in this equation ( k / + ^ "" ^ ) = o, and also 

/ K / + IT j = -, we get two equations, from which we can 

determine 6 and i, the two unknown quantities (e^ the maximum 
value of the impressed E.M.F. being known). 

Thus : E^ sin = K l' I — K b/ s' sin ^ 

E^ cos = K b/ s' cos ^ + r' I. 

Replacing b^' by the value given above and noticing that b^' s'=;m, 
the coefficient of mutual induction of a field-magnet loop and an 
armature loop, situated in the same plane, we shall have : 

E^sin6=/^KL' — k(k — K')^?M2sin cos ^ j i 

E.cose =/k(k — k') — m2cos20 -\-r'\i. 
The power supplied is : 

51? cos = ( k(k - K') ^M«cos«<i. + - 1 1^ 
2 I ^ 8r 2 J 
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The total power supplied to the motor will be n times as great, 
since it is formed of n loops : 

P^ - «5iicos0 = ( K (k - K') ^M^cos^^ + — 1 12 
2 I ' 8r ' 2 J 

The useful power will be : 

P„ = k' T = K' (k - K') ^-^' m2 C0S« I^. 

As r' will be very small, the quantity nr' \^ may be neglected and 

the efficiency will be : 

k' 

— , as we have seen above. 

K 

Squaring and adding the two above equations, and assuming that 
M^ = It (that is to say, that all the lines of force created by one 
turn of the field- magnet pass through a turn of the armature), we 
arrive at the equation : 

At starting we have : 



^2 ^24.^2 {r^L + rh')^' 

We should find the same expressions if we assumed that the field- 
magnet consisted of n loops, making angles of — with one 

n 

another, and traversed by polyphase currents retarded — firom 

loop to loop. 

The torque may therefore be expressed as a function of e^ 
the maximum value of the E.M.F. impressed on the terminals of 
the motor by the following equation : 



8 Hr'2+ {(k- k0^l + KrL'}2 

And the power : 

»^ «2 K^ (k — K^) . 
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The angle of lag between the E.M.F. and current in the field- 
magnet circuits (the cosine of which is the power factor of the 
motor) will be found by dividing the equation for e^ sin 9 by that 
for E^ cos Q as given above. 

We shall have (putting k — k' = k,) : 

K l' — K Ki — M* sin cos ^ 
tan 6 = 

KKi^^M^COS^^ + r' 

^ ^ (k — kO l k, l 

since : - tan = ^ '— = — L- 

r r 

sin cos ^ = _J?51_ = -/-L-^-V , 
^ ^ i + tan«9 r^ + Ki'^L^ 

and cos = 



r^ + Ki^L^ 

therefore tan = 

kKi^mV+ rV + KiVL^ 
4 

As we have very nearly : 

m2 = // l = ?^^ l' = ^ ll' = ^m2 

2 2 4 

we get : 

tane= '^'^^' 



Asynchronous Motor with Simple Alternating Field.— Let 
B^ sin K / represent the intensity of the field at a given moment, 
and k' the angular velocity of the armature. Suppose that the 
field makes at the given instant the angle k'/ -f- a with loop i, 

and consequently the angle k' / + a + ^ "" ' tt with the «*** 

tn 

loop. 

The flux of induction traversing this loop will be : 

N = B^ s sin K / sin ( k' / + a + ^ ^ ' a- ) 
V tn J 
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or noting that : 

sin a sin ^ = i < cos (a — ^) - cos {a •\- b)\ 

N = ?^[cOs{(K-K0/-a^^.}- 
COs{(K + K')/ + a+^ir}]. 



I 2 




It is easy to see that if we suppose the armature stationary it will 
be just the same as if we had : 

(i.) a uniform field of intensity — revolving with a velocity 

K — k' in the direction of the arrow c (fig. 134) and 
making at the given instant; the angle (k — k') / — a 
with the perpendicular to loop i. 

This field will make with loop n the angle ^ — (k — k') ^ 



+ a + 



« — I 
m 



TT, so that the flux of induction traversing 
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this loop will be ; 

5?1 sin / !!: - (k - K')/ + a + "f—^ IT ) « 
212 /« J 

(ii.) A second uniform field — , making at the given instant 

2 

the angle (k — k') / + a with the perpendicular to loop 

1 and revolving in the opposite direction to the pre; 
ceding field. 

The loop n makes at the instant / with this field the angle : 
The flux traversing it is : 

?^%in {(K + K')/ + «+!!: + ^:^^| = 

2 I 2 m \ 
i^cos ((K + KOZ+a + ^^-^^T }. 

2 I Ml 



B. 



The torque acting on the armature will be equal to the diflference 
of the torques due to the two fields. The torque due to the first 
field may be expressed as : 



m- 



mr-^\ sV K- k' 



2 r» + (k - k')^ l» 

and the torque due to the second field as : 



m 



2 r3 + (K-K02L« 

The torque acting on the armature will be : 
m 



T = 



\2 / r K — K^ _ K + K^ 1 
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and the power of the motor : 

The E.M.F. acting in the n^ loop of the field-magnet will be : 

— sin |(k4-k')/+ a + ^^ tt }"j 

If r is the resistance of the loop, putting 

tan ^, = (k-kO/«/^ (k-kOl^ ^„d tan ^, = <1^±^^ 



2r 

the current will be 



/;=2£_5r(K'-K')C0SV'Sin ((K-K')/-a — ^Zlix-01 \ 

-(K + K')cos02sin |(K + K')/+a + ^i:ix— ^a}"] 

= ?£_?. \ (k— k') cos 01 sin n — (k+ k') cos 02 sin /3 I . 

The instantaneous value of the work lost owing to the resistance 
of the circuit will be : 

r/„a= Ifi^ [(k-kO'cos^^i sin^a - 2(k-k')(k + kO 
4^ L 

cos 01 cos 02 sin a sin /3 + (k + k')^ cos'^ 02 sin' /3 1 . 
As sin^ n = |(i — cos 2 a) 

sin a sin ^ = ^ { cos (a—b) — cos (a-\-b) } ; 

if we sum up the values of r i^ for all the n loops, remembering 
that the sum of the cosines of m angles, forming an arithmetical 

progression of which the common difference is — , is equal to zero, 

m 

we shall have : 

S>^^.'=5^{COS2 01+COS2 02}. 
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The instantaneous value of the work lost in the armature is con- 
stant, and is equal to the power lost ; we have then : 

^> - 8 I /^ + (k-k7 \? "^ r3 + (K+K7 1? I ' 

The efficiency, only considering the loss in the armature will be : 

p 



R = 



P+ P;» 

Substituting their values for p + p^ and simplifying, we shall have 
finally : 

k' k^ l2 - k'« l» - r2 



R = 



K K^ L> - K'2 L« + r^' 



K 

As r is generally very small, we may assume that r is equal to — . 

The armature, as we have seen, is subject to the influence of 
two fields, one of which revolves round it in the same direction as 
it moves itself, with a velocity k—k', and the other which revolves 
in the opposite direction with a speed k+k', relative to the 
armature. Both fields revolve in space with a velocity k, but in 
opposite directions. 



§ 6. Asynchronous Motors with Bevolying Field 

As we have seen in the last section, if we only take into 
account the loss in the armature, the efficiency is given by the 

expression — ; consequently the nearer the speed, k', of the motor 

approaches to that of synchronism the higher the efficiency 
becomes. 

K— k'=Ki is called the * slip,' and the ratio 5—^, the 'coeffi- 
cient of slip.' 

In practice, we find as a rule : 

Ki = -02 to '06 K 

k' = K — Ki = '94 to -98 K. 

The torque and the power are proportional to m^, the square of 
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the coefficient of mutual induction, of an armature and a field- 
magnet loop in the same plane. 

It is important, therefore, to avoid as far as possible any leakage 
of the flux of induction from the field-magnet coils, by making the 
air-gap as short as possible. 

There are two methods of distribution : 

(i.) The effective impressed E.M.F. is constant. 

(ii.) The effective current in the field-magnet coils is constant. 

The first is the more common system in practice. 

Constant Impressed E.M.F. at the Motor Terminals.— -The 
torque is represented by the equation : 



T = -— — M^ r 



8 >^r'2+ {Kir'L-fKrL'}2 " * 

If we require the value of r, which makes the torque a maximum 
for a given value of k,, we get 



r» = 



Ki^r'^L^ 



r'2-J-K2L'2 
If the torque is to be a maximum at starting, we must have 



r« = . 



aT/2' 



r^^ + K^L' 

It is easy to see that \if^> -~ ^-ts' ^^ torque will still be a 

maximum at starting, and we shall get a curve of the shape of 
No. I in fig. 135. (In this figure ordinates represent the torque, 
and abscissae the slip or k^ : the dotted perpendicular at k shows 
the values of the torque at starting.) 

j^2 ^ 2 l2 

If we have t^ = _— — -^_^, the tangent to the curve, at the 

point corresponding to starting, will be horizontal as shown by 

1^2 ^ 2 l2 

curve 2. If we have r^ < —5 — — ., the curve will have the 

r ^ ^Y?\:^ 

shape indicated by No. 3. 

If the resistance of the armature turns is calculated to give a 
maximum torque, when the motor is working at full load (k' nearly 
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equal to k), in order to increase the torque at starting, we must 
be able to increase r, the resistance of one armature turn or loop. 
As in practice the motor rotates at a speed, k', nearly equal to 
K, Le. Ki nearly equals zero, it will be seen that the slowing down, 
due to a sudden increase of the load on the motor (which dimin- 
ishes K^ and increases k,), will cause the value of the torque to 
increase, and the motor does not fall out of step so long as this 
increase of load is not excessive ; this, therefore, is another reason 
for running a motor at a speed near that of synchronism. 




The maximum value of the currents in the field-magnet coils 
is given by the equation : 



Solving this equation with respect to Kj, we see that the sign of 
the root varies as 

Ki'* ^^ l' -f- K Ki r L l' — r^. 

When Ki = o, the root is negative. 

If Ki increases, the root has zero value when 

Kj , 
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We can then construct motors for which the effective current 
at starting is a minimum : a value of r must be taken such that Ki, 
as determined by the above equation, is equal to k. We can also 
determine r so that the current at starting is equal to the current 
at full load, its value being a minimum for an intermediate load. 

In such motors the torque and power at full load are small, 
and the motor is very heavy in proportion to its output. 

In order to increase the power at full load (ix, when Kj is 
small) r must be made very small : under these circumstances, 
we get a minimum current in the field-magnet coils for a very 
small value of k,, in fact so small that it cannot be reached in 
practice, for on account of the passive resistance k' always diflfers 
from K. 

Practically, then, in such motors the effective current in the 
field-magnet coils increases with Ki and is a maximum for Kj = k, 
i.e, at starting. It may then reach too high a value, and cause 
fluctuation in the distribution network. 

We can diminish the current at starting in two ways. 

(i,) By increasing r' or \J which only occur in the denominator 
of the expression for the value of i^ in terms of e'^^ : for this 
purpose rheostats or self-inductive coils may be inserted in the 
circuit of the exciting coils. 

As in motors with small armature resistance, the torque is 
already small at starting, we thus diminish it still further (r' and \J 
occurring also in the denominator of the expression for the value 
of the torque as a function of e^), so that we may under certain 
conditions get too small a torque altogether. . 

(ii.) By increasing r the armature resistance by means of a 
rheostat : in this case we increase the starting torque under 
certain conditions. We shall see further on the inconvenience of 
this arrangement in practice. 

In this case we gain the advantage of being able to vary the 
speed, by varying the resistance r, as will be seen on examining the 
formula. 

M. Boucherot has invented a device, which allows of a larger 
current in the field-magnet coils, without the line current reaching 
too high a value : we shall examine this arrangement in another 
section. 
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The angle of lag in the field-magnet coils is given by the 
expression : 

tan ^ = . -. - — 5— T ; 

K Ki r L l' 4- Ki^ ^ L^ -f r^ r' 

6 therefore decreases as Kj increases. 

Within the practical working limits of a motor, Kj increases 
with the power ; therefore the lag decreases and the power factor 
cos 6 increases with the load, which will readily be seen on 
examining the curves of different motors, given below. 

Constant Effective Current in Field-magnet Circuits.— In this 
case, which very seldom occurs in practice, we get : 



T = — s— M^ r -g ^-o-^> I . 

8 r2 + K,2L2 

If we find the values of r, which makes the torque a maximum for 
a given slip, Kj, we get the expression : 

If we have then r >~Ki l, the torque will be a maximum at starting 
(curves i and 2, fig. 135) ; if r < Ki l, we get curve 3 of the same 
figure. 

Within the practical working limits of the motor (k' nearly 
equal to k), the power and power factor will increase with k,, i.e. 
as k' decreases. 

M. G. Roux has given different curves taken from biphase 
motors. Fig. 136 represents in abscissae the torque expressed as 
pounds at the end of an arm one foot in length and in ordonnates 
the values of the currents. Curves a are taken from a 10 h.p. 
motor, and curves b from a 5 h.p. a, shows the effect produced 
by variations of the resistance inserted in the armature 
circuit on the value of the torque, the potential difference being 
kept constant ; Ag represents the variation of the torque as a 
function of the current for a variable difference of potential, the 
resistance being fixed in value, and of such size as to give a very 
powerful torque ; A3 is similar to Ag, but the resistance has been 
increased so as to obtain a very small torque. The torque 
corresponding to full load is 35 lb. x 13 inches. 

K 



130 ALTERNATE CURRENTS 

Bi, Bg, B3 are similar curves of a 5 h.p. motor of which the 
torque at full load is 17-5 pounds. On examination of the curves, 
it will be noticed that motors working under the conditions of 
curves A3 and B3, in order to exert at starting a torque equal to 
that of full load, only require a current considerably less than at 
full load, and that for a current of the same value the starting 
torque is double that at full load. 
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Fig. 136 

Fig. 137 shows the variation of the power factor cos 6 as a 
function of the load for two types of triphase motors. Curve a is 
taken from a 15 h.p. motor with four poles, working at a frequency 
of 50. Curve c shows what a high power factor may be obtained 
in a well-designed motor. At full load this reaches 90 per cent, 
for the 15 h.p. motor, and 94 percent, for the 10 h»p. At half load 
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the power factor is still very high, being 84 per cent, in the case of 
the 15 h.p. motor, and 75 per cent, for the 5 h.p. motor b. 
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The importance of the power factor will readily be perceived 
by studying the curve of current as a function of the power. In 
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Fig. 138 



'fig» 138 curve A is that of a 5 h.p., curve b of a 10 h.p., and curve c 
of a 15 h.p, motor. 
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The field-magnets are wound so as to produce a revolving bi- 
or triphase field. 

As, at their usual rate, the speed of these motors is almost that 
of synchronism (Ni = n -- lyN, ij varying from -02 to '05) motors 
of large size must be multipolar, the number of revolutions being 
given by the equation : 

60 F / V 

Ni = N — ij N = — - (l - 7;), 

p 

F being the frequency and/ the number of pairs of poles. 

The armature, consisting of a drum or ring of laminated iron, 
is wound either ring or drum fashion, but in any case in such a 
manner as to .obtain closed circuits (in which if necessary starting 
rheostats can be inserted). 



Copper 
ring 




Another system very often employed is due to Herr 
Dobrowolsky : the armature is formed of equi-distant bars, placed 
on the periphery of a laminated iron ring, as near as possible to 
the air-gap. (Fig. 139.) These bars are connected at their ends 
by two copper rings : the result is a mouse-mill armature of very 
small resistance (r resistance of one loop is equal to twice the 
resistance of one bar), but in this case it is not possible to insert 
a rheostat for starting. 

In small motors, the armature may be formed simply of an 
iron or copper cylinder ; with this construction there are large 
Foucault current losses, and the armature currents are not confined 
in such a way as to flow in the direction in which their action is a 
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maximum. The efficiency of such motors is very small, but on the 
other hand they are easily and cheaply constructed. 

The field-magnet may be stationary and the armature revolve, 
or vice versa. 

When the armature revolves and its turns are completely closed 
on themselves, the motor does not carry any brushes : the starting 
rheostat must then be inserted in the stationary field- magnet 
circuits. 

If it is desired to insert starting resistances in the armature 
circuit, rings are fitted, to connect the ends of the different circuits 
to the starting rheostat. 
When the motor has 
reached full speed, 
these brushes are short 
circuited. 

When the field-mag- 
net revolves, the currents 
are conveyed by brushes 
rubbing oji rings : it is 
easy in this case to in- 
sert starting resistances 
in the stationary arma- 
ture circuits. 

In large motors it is an advantage to have the field-magnet in 
the interior of the motor, for its volume is thereby reduced to a 
minimum, and the hysteresis losses are diminished. In fact, the 
hysteresis losses are greater per unit volume in the field-magnets 
than in the armature, since the current reversals in the former 
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are more frequent than in the latter 
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In motors of large power (above 3 to 5 h.p.) starting rheostats 
are used, unless a special construction is adopted. 

In small revolving field motors, which possess neither rings or 
brushes, no starting rheostats are used : the armature is made of 
such resistance as to prevent the field-magnet current reaching a 
dangerous value. 
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For this purpose, the following is an excellent method of 
building the armature : as shown in fig. 140, copper bars are 
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placed on the periphery, being sunk in the iron core as usual, but 
the connecting rings at the two ends are of very small diameter, 
and are joined up to the bars by conductors of soft iron, as long 
as possible : these iron conductors are of sufficient section to 
present only a small resistance to continuous currents, but on 
account of the self-induction their impedance increases with the 




Fig. 142 



frequency. At starting, the frequency being very high, these 
conductors possess great impedance, whilst at full load, the 
frequency being small, the impedance diminishes. 

We shall now give some details of the different revolving field 
motors which are most used, classing them in alphabetical order. 

Brown Motor. — ^The Wehyer and Richemond Co., who work 
the Brown patents in France, build more especially biphase 
motors (figs. 141 and 142). The stationary field-magnet is 
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provided with a drum winding : the armature may be in the form 
of a mouse-mill, or may possess (for 6-pole motors) a triphase 
winding terminating at three rings which communicate by means 
of three brushes with a triphase rheostat. 

In motors with a mouse-mill armature winding, M. Boucherot 
employs the following device (fig. 143) : across each of the circuits 
a self-inductive coil is placed in shunt. When these coils are 
wound at the factory, several eyelets «, d, c^ d are soldered to the 
wire of the coils, so as to allow of more or less turns being put in 
circuit at starting according to the torque required for moving the 



.J&SipJC%,^ 




machinery to be driven. As a result of experiment an eyelet is 
selected which allows of a sufficiently rapid start without the line 
current reaching a dangerous value. It may therefore happen 
that the line current at starting is less than the full load current, 
or, at least, very little greater. 

When the motor reaches its normal speed, the self-inductive 
coil is short-circuited and the motor connected direct to the net- 
work. 

In the self-inductive coil, the effect of the self and mutual 
induction may be such as to produce in the field-magnet coils a 
current considerably larger than the line current. 

The greater the number of turns in shunt of the self-inductive 



MOTORS 



m 



coil, the greater is the starting torque, but the Hne current is also 
greater. 

Fig. 144 gives the curves of efficiency, lag, speed and effective 
current in the circuits of the field-magnets of a biphase revolving 
field motor of 15 to 20 h.p. The number of poles is six, the 
frequency 40, and consequently the speed of synchronism is 

^^60x40^, 
3 



: 800 revolutions per minute. 
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■P|g- 145 gives the efficiency, speed, useful and total power, as 
functions of the pull in kilogrammes at the periphery of a pulley 
12 cm. in diameter, taken from a biphase motor with four poles of 
i^ h.p. The speed of synchronism is : 
60 X 40 _^ 



N = 



== 1,200 revolutions per minute. 



M. Boucherot employs the following very ingenious methods 
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of measuring the current of each phase in the field-magnet 
circuits, the lag and the efficiency. 

The current in each phase may be read on an ammeter, but 
on account of the great oscillations, M, Boucherot prefers the 
method indicated below, which allows of determining the lag at 
the same time. 

The thick wire of a wattn^eter is connected to a two-way 
switch, which allows currents of both phases to pass through the 
wire : the fine wire is also connected to a two-way switch, allowing 
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it to be put in shunt across the terminals of either phase. In this 
way four readings can be taken for any given load. 

If e/, i„ 6^1 are the effective E.M.F., effective current and 
angle of lag for one phase ; e/', I2, ^2 the corresponding quantities 
for the other phase ; and c the constant of the wattmeter, we get : 

^2 = ^ e/' I2 cos ©2 

B^ = c eJ I2 cos ( ^2— - ] = ^e/ i2sin 62 

^4 = ^ e/' ii COS fdi - '^) — ^E/' ii sin ^,. 
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We can easily find from these four equations (knowing e/ and 
E'y' which are equal to one another, as also are i, and ij, Oj and 
O2) the values of the effective current and the lag in each phase. 

The losses in the motor consist of : 

(i.) Ohmic losses in the field-magnet circuits, which are easily 
determined by measuring the hot resistance and knowing the 
effective current for a given load. 

(ii.) Losses due to armature resistance. 

(iii.) Losses through friction, hysteresis and eddy currents. 
The ohmic loss in the armature canhot be directly determined in 
an armature of the mouse-mill type. 

We have seen that if p^ is the loss in the armature, and p the 
power at the pulley (increased by friction losses in the bearings) 
we get : 

p _ k' _ K — K, 

p+ p^"" K K~ ' 

or p^ 



K — K, 



We can therefore determine p^ if we know p and can determine 
K and Ki. For the latter determination two people equally 
skilful take simultaneously the speeds of the motor, and of the 
alternator which drives it. 

With regard to the determination of the losses by friction, 
hysteresis and eddy currents in the field-magnets, it is to be noted 
that the induction is almost constant, whatever be the load, and 
that for every load this induction is equal to that which produces 
at no load a counter E.M.F. e — ri. 

If, for example, the voltage when running is 100, and the field- 
magnet circuits absorb 2 per cent, for a certain load, the losses 
due to friction, hysteresis and eddy currents at this load will be 
equal to the power taken by the motor when revolving at no load 
with (100— 2) = 98 volts at the terminals. As a matter of fact 
this power is a little greater than the loss, since the armature 
revolves a little faster on open circuit than with a load. This 
power is measured by a wattmeter. 

The efficiency measured in the manner we have just described 
is slightly smaller than is actually the case, for the reasons given 
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above, and also because the wattmeter employed to measure the 
power on open circuit may indicate more than the true power on 
account of the self-induction of the instrument. 

Measuring the efficiency by the ratio of the power absorbed in 
the brake to the power supplied, for a i^ h.p. motor (fig. 145), and 
also by the separate losses, M. Boucherot has obtained the follow- 
ing results. 





Load in b.p. 


Efficiency 






By the method of separate 
losses 




By the brake 

•76 
•63 


0-5 
i-o 

2*0 

3-0 


•52 
•67 
•76 

•75 





We see that, except for a considerable overload on the motor 
(double the normal power), the separate loss method gives rather 
smaller efficiencies than the brake method. 

Crensot Biphase Motors. — The stationary field-magnet (fig. 
146) is similar to that of a Ganz alternator : the coils in each 
phase, connected in series, are wound alternatively in opposite 
directions, and the coils of the two phases alternate with one 
another. If 4 « is the total number of coils, and f the frequency, 
the number of revolutions at the speed of synchronism is given by 
the equation : 

n 

The armature is formed of a ring of laminated iron, provided 
with grooves on its periphery. The winding consists of flat coils, 
of spiral form (see the Labour alternator), the outside turns 
embracing two teeth of the armature ring. In the first layer, there 
are 2« coils (for 4« poles) connected in series and wound 
alternatively in opposite directions : above this is placed the 
second layer of coils, exactly similar to the first, but in advance of 
the latter by half the interval between 2 poles. There are there- 
fore in all 4 n coils forming two series. 
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Two of the ends of the wires of the two series of coils are 
connected together, and the common wire is joined to a collecting 



.^i*tf. 





Fig. 146 



ring. The two free ends of the two series of coils are connected by 
rings and brushes to two liquid rheostats, each of which has one 
terminal connected to the common wire. 



142 ALTERNATE CURRENTS 

The liquid rheostats which are used for starting up, consist of 
a copper sulphate bath, into which dip vertically two metal plates 
which can be separated or brought into contact by means of a 
hand wheel. 

In the circuit of the wire common to the two series of coils, 
a little metal rheostat is inserted to vary the speed when running. 

The 30 h.p. motors employed at the Decize mines for working 
ventilators have t6 poles : as the frequency is 42, the number of 
revolutions at synchronism is : 

60 X 42 , 
N = -t- = 6'?o. 

4 

The excitation of each pole consists normally of 1,350 ampere- 
turns, and the corresponding induction in the cores is 4,500 
C.G.S. units. 

The air-gap is ^ inch wide : the external diameter of the 
armature is 22 inches, and its length along the axis 12 inches. 
The grooves are | inch wide and \\ inch deep. The resistance 
of each of the series of coils, closed on themselves, is -05 ohm. 

The tests of these motors gave the following results : Efficiency 
at half load, 80 per cent. ; at full load, 88 per cent. When running 
with no load or with a small load, the motor started as soon as 
the rheostat was shifted. With a resisting torque, corresponding 
to the maximum power (30 or even 33 h.p.) at the normal speed, 
the motor started when the plates of the rheostat were an inch or 
so apart. At no load the speed is i per cent, less than that of 
synchronism, at half load 2*5 per cent, and at full load 5 to 6 per 
cent. 

At full load, at the end of a 6 hours run, the temperature did not 
exceed that of the atmosphere by more than 40*^. 

The Fives-Lille COc Motors.— The Fives-Lille Co. work in 
France the patents of the * Allgemeine-Electricitats Gesellschaft,' 
of which Herr Dobrowolsky is the chief engineer. 

Small motors have a revolving armature with a mouse-mill 
winding and a Gramme-wound field-magnet : large motors have 
a stationary drum-wound armature and a revolving field-magnet. 

Small motors up to 3 h.p. are not provided with any starting 
device, but above 3 h.p. they are provided with a rheostat. 
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The following table gives the particulars of some triphase 
Dobrowolsky motors. The frequency is 50 and the effective 
potential difference at the terminals 60 volts. The armature is of 
the mouse-mill type and there is no starting device. 



Normal horse power 

No. of revolutions at full load 

No. of poles .... 

Slip at full load 5. 
Weight in lbs. 

each phase l^j^^l^j 

Power absorbed at normal 

load, kilowatts 
Commercial efficiency at full 

load 
Torque at starting in pound-feet 



* 


i 


I 


5 


50 


2,300 


1,400 


1,375 


1,395 


725 


2 


4 


4 


4 


8 


.29 


•067 


•08 


•07 


•033 


40 


132 


207 


539 


2,640 


— 


— 


20 


50 


400 


1*4 


4 


8 


36 


280 


— 


. — 


4-5 


15 


150 


•23 


•50 


•99 


4*4 


40-2 


— 


71 


75 


•84 


•91 


— 


— 


37 


187 


355 



The temperature reached 40° to 50° for a 50 h.p. motor when 
running continuously. 

Herr Kolben, engineer of the Oerlikon Co., has made tests on 
a triphase motor of the * AUgemeine-Electricitats Gesellschaft.' 
It was a 50 h.p. machine with 8 poles, provided with a mouse- 
mill armature, and supplied with current at a frequency of 50. 
The following are the results of the tests : 



H.p. at 
the 


Watts 


at the 


1 pulley 

1 


pulley 


1 60 


44,160 


1 4^ 


30,910 


20 , 


14,720 


1 ° 


— 




Lalimeyer Motor. — The armature is stationary, and consists 
of a ring of thin laminated discs insulated from one another, 
provided with a mouse-mill winding. 

The revolving field-magnet is drum-wound, the turns being 
placed in grooves. 



144 



ALTERNATE CURRENTS 



The currents are conveyed to the circuits by means of three 
rings, on each of which two brushes rub. Fig. 147 shows the 
plan of connections of a motor at Bockenheim, working at a 
potential difference of 660 volts. The three line wires are con- 
nected to a little distribution board (one passing through an 
ammeter a) ; the circuits then pass through a switch and lead 
safety fuses, a triple-liquid rheostat r and a meter c, before being 
connected to the terminals of the motor. 

At Bockenheim, also, the Lahmeyer firm has installed revolv- 
ing transformers of 30 k.w. which transform triphase into con- 



J_L_L 




Fig. 147 

tinuous currents for lighting purposes. This transformer is an 
asynchronous motor, the revolving field-magnet of which is provided 
with a second winding connected up to a continuous current 
commutator, placed at the opposite end to the rings collecting 
the triphase currents. 

As fig. 148 shows, the winding is placed in very deep grooves, 
which are made in the periphery of the laminated iron ring which 
forms the field -magnet. 

At the bottom of the grooves is placed the field-magnet wind- 
ing H, which is traversed by the triphase currents ; on the top of 
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the winding h the continuous current winding b is placed. In 
order to prevent, in case of a failure of the insulation, the low- 
tension circuits making contact with the high-tension circuits, a 
separators (consisting of copper-strip, insulated on both sides, and 
connected to the bed-plate) is placed between the two windings. 

The efficiency reaches 90 
per cent, at full load, for the 
friction and hysteresis losses 
are a great deal less than in 
the case of two machines 
coupled together. The con- 
tinuous current generator 
works without sparking, and 
there is no need to shift the 
brushes when the load changes. 

Oerlikon Motors.— These 
motors are built with a sta- 
tionary field-magnet of ring- 
shape, wound Gramme-fashion 
for small powers, and drum- 
fashion for those of larger 
power. The armature is wound 
in either the mouse-mill or 
drum method (fig. 149). 

The Oerlikon Co. employ 
by preference the triphase system, and build high voltage motors. 

Fig. 150 gives the curves of efficiency and power factor for a 
100 h.p. motor, with an i8-pole revolving field, working with a 
current of a frequency of 50 at a potential difference of 1,700 volts. 
Ordinates represent current per phase and percentage, while 
abscissae stand for h.p. (effective). The lowest curve is for current 
per phase, the next for power factor, and the highest for effi- 
ciency. 

The high-tension winding consists of wires, insulated by mica 
tubes, placed in grooves, in which they are held by wedges of 
insulating material. The armature is drum-wound with 18 poles, 
and the winding is divided into three parts. The speed at 

L 




Fig. 148 
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synchronism is ^ ^ ^^ = m, and the speed at full load 320 ; 

the slip, therefore, is about 4 per cent. 

The following table gives the results of the tests of a 50 h.p. 
motor at a tension of about 100 volts. The number of poles was 



1007- 




eight per phase (speed of synchronism = 5£ ? == y^o), and 

4 
the armature comprised seven divisions closed on themselves. 









Voltage 












«;?." 


Watts 
at the 


Current 

in 
amperes 


between 

each 

circuit 


Apparent 
watts 


True 
watts 


Power 
factor 


Slip 
in% 


Efficiency 


pulley 


pulley 


in each 


and the 














phase 


neutral 
wire 


A 


V 


V 
A 






53-8 


39-600 


180 


93 


50,220 


42,100 


4% 


•94 


46-0 


33-900 


158 


^§ 


45,000 


37,440 


•«3 


3% 


-905 


O'O 


— 


40 


98 


11,760 


1,710 


•I4S 





— 



Herr Kolben, engineer of the Oerlikon Co., has undertaken a 
series of experiments to det-ermine the leakage of lines of force in 
a triphase motor — i.e. the number of lines of force whiih do not 
traverse the armature ; he thus calculated the * factor of disper- 

L 2 
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sion/ ue, the ratio of the flux of induction traversing the armature 
to the flux created in the field-magnet. 

The motor with a 6-pole revolving field, which was used for 
the tests, was of 9 h.p. The winding of the field-magnet consisted 
of 36 coils with seven turns each, and the winding of the armature 
of 90 bars placed in holes near the periphery ; these bars were so 
arranged as to produce six poles, and the whole number was 
divided into three independent closed circuits. 

To determine the leakage, the motor being stationary, the 
armature winding was replaced by an experimental winding, which 
passed through only 30 out of the 90 holes in the armature ; there 
were two wires in each hole, all the turns being in series, and a 
voltmeter was connected across the terminals. 

There were then for each phase 7 x 12 = 84 turns in the field 
magnet, and 60 turns in the armature. By means of voltmeters 
Herr Kolben measured the E.M.F. in the field-magnet and the 
armature. 

The E.M.F. induced in the armature varied very little when 
its position was altered (by hand) ; the mean value found was 
60*5. The E.M.F. in the field-magnet coils was 98 volts. 

If the flux had been the same in the field-magnet and arma- 
ture, the voltage would have been proportional to the turns, and 
if ^ represents the voltage in the armature, we should have had : 

|4==98 ^r ;/. = 2iJL6o = 70 volts. 
60 >//' ^ 84 ' 

Instead of 70 volts, Herr Kolben only got 60*5 volts ; the * disper- 
sion factor ' was therefore : 

K,= ^ = -865. 

70 

There were, therefore, 135 lines of force lost by leakage for every 
1,000 lines generated in the armature. This figure only holds for 
the conditions of the experiment — ix, when no appreciable 
current is passing through the armature ; it will also be approxi- 
mately correct for the case in which the armature is revolving at 
no load, for then the armature current is of very small size. 
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On the other hand, when the motor is loaded, the ampfere-turns 
of the field and the armature are much greater, the iron 
approaches nearer saturation, the magnetic resistance increases, 
and naturally the leakage also grows larger. 

To find the dispersion factor in this case, Herr Kolben ran 
the motor when provided with its ordinary armature, and placed 
a test coil of eight turns on one of the poles of the field as near 
as possible to the armature. He observed the E.M.F. in this 
coil for the motor revolving at no load and with full load. The 
fall of potential when the motor was loaded was an indication of 
the drop of the dispersion factor. 

The following table shows the results he obtained : 





No. of 
revolu- 
tions 

mmute 








E.M.F. induced 






- 


Fre- 
quency 
of the 
current 


E.M.F. 

at the 

ter- 
minals 


Current 
phase 

20'2 


in tes 

Arma- 
ture 


tcoil 

On a 
pole 


Watts 


Disper- 
sion 
factor 


At rest 





SO 


98 


6o-S 


_ 


36s 


•86s 


At no load . 


980 


49 


98 


22*3 




26*0 


500 


•865 


At 12 J h.p. 


930 


49 


98 


45*7 


~ 


34'5 


10,260 


•815 



The dispersion factor for the motor when overloaded was 
found by multiplying the factor at no load -865 by the ratio of the 

voltages of the test coil ?4^. 
26*0 

The efficiency of the motor overloaded to \2\ h.p. was 90 per 

cent., and the power factor — 

^^^^^ =775. 

3 X 98 X 457 

Siemens and Halske Motors. — The Siemens and Halske firm 
has built triphase motors of the type described below. It consists 
of a ring of laminated iron (fig. 151) on which three coils 
are wound ; these coils are supplied with the three currents 

— behind one another in phase. Inside this ring is placed a 
3 
Gramme ring provided with an ordinary commutator, on which 

rub three brushes connected to the three coils of the fixed ring. It 
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will be seen that the inner ring is coupled in triangle fashion, and 
that there is developed in it a revolving field making one revolution 
per period, since the currents reach this ring at points which are 
fixed in space. In the fixed ring there is also a revolving field 
making one revolution per period. 

If the brushes are set so that the poles of the two rings coincide 
with one another, the ring will not revolve. By setting them so 
that the two fields are not coincident radially, the rotating ring 
will revolve so as to bring its poles near poles of the opposite sign 
on the fixed ring : but it is easy to see that the commutator will 
assign a certain distance between 
the two sets of poles, which will 
depend on the position of the 
brushes. The speed of the motor 





Section AB 



Fig. 151 



Section CD 



increases between certain limits 

with the angle of lead of the 

brushes, which are all carried by fig. 152 

one rocker. 

Stanley Motors. — These motors are asynchronous motors with 
a double alternating field. They are designed to work on a 
secondary network at 500 volts and at a frequency of 133. As the 
current lag and consequently the impedance are considerable at 
this frequency, an attempt has been made to reduce them by 
placing a condenser in shunt across each of the circuits. The 
condensers of the Stanley Electric Co. will stand with ease a 
tension of 500 volts. 

The field-magnet of ring-shape is formed almost exactly in the 
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same way as the armature of the alternator made by the same 
company. This ring carries on its inner surface two sets of pole- 
pieces. (Fig. 152 shows the internal part of the magnet ring 
developed.) The axis of a pole-piece of one set corresponds to 
the groove separating two pole-pieces of the other set. 

Each set, which consists of an equal number of pole-pieces, is 
excited by one of the two biphased currents, so that the two fields 
act on the armature like a revolving field. 

The armature is formed of two drums of laminated iron with 
an interval between them so that each one corresponds to one of 
the sets of pole-pieces (figs. 153 and 154). On the surface of the 
two armature drums teeth are cut out. In the hollows between 
these teeth, the armature winding is placed and held in position 
by bands. The winding forms two closed circuits in the case 




Fig. 153 



Fig. 154 



of small motors (up to 1,500 volts) ; in the case of large motors 
the circuits are closed through a rheostat. 

If each of the armature drums possesses 2 m poles, there are 
2'M.n grooves on the surface of the armature, or 2 m consecutive 
groups of n wires belonging alternatively to one or the other of 
the two sets, which each have therefore m n turns in series. 

In order to avoid fluctuations in the network, at the moment 
of starting small motors are run up to a certain speed by hand 
before closing the switch. 

Motors of larger power than 1,500 watts are started by means 
of rheostats. The two armature circuits, which have a common 
end, are connected to a double rheostat by means of three rings. 

The efficiency of motors of 750 watts is 70 per cent., that of 
motors of 3,500 watts 80 per cent., and that of motors of a power 
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above lo k.w. reaches 90 per cent. The slip at full load is high 
enough : it reaches 10 per cent, in small motors, and 6 per cent, 
in large motors. 

§ 7. Asynchronous Motors with Simple Alternating Field. 

The torque is 

_ mjrs^^ f K — K^ K + K^ 1 

8 Ir2 + (K-K7L2 r2 + (K + K')2LM' 

m being the number of turns on the armature ; s, r and / the 
surface, resistance and coefficient of self-induction of one turn 
respectively ; k the angular velocity of the current or 2 tt f, f being 




• Fig. 155 



the frequency ; k' the angular velocity of the armature ; b^ the 

m I 

maximum intensity of the field ; and l = — . 

If these values are in C.G.S. units, the torque is given in 
dynecentimetres or ergs. 

The power in ergs per second will be p = k' t. The torque 
is, therefore, zero at starting, and also for a value which is the 

nearer synchronism, the smaller - is. The torque is zero for a 

L 

value of k' given by the equation : k^ l^ — k'^ l^ — r^ = o. 

The curve of fig. 155 represents the value of the torque as a 
function of k'. It will be seen that it is necessary to work the 
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motor somewhere near synchronism, for then an overload (which 
causes a drop in the speed) increases the torque, and the motor 
does not fall out of step. The efficiency increases with k' just as 
it does with asynchronous revolving field motors. 

The motor cannot start alone ; it must be run up till it reaches 
a speed k', higher than that which gives the maximum torque 
(fig. 155) ; if the torque is less than the maximum torque, the speed 
of the motor is accelerated until the normal speed is obtained. 

IT If' 

The coefficient of slip — is higher than in revolving field 

motors ; it varies from 4 to 1 2 per cent. 

As the expression for the torque is symmetrical with regard to 
K and k', we see that if the motor is started in one direction it will 
continue to turn in that direction, and this is confirmed in practice. 

The first asynchronous single- phase motor was exhibited by 
Elihu Thomson at the Universal Exhibition of 1889 ; the 
following description of it was written by M. Potier, chief 
engineer of mines, in the * Technical Review ' of the exhibition. 
* Six fixed coils, with a flat core of laminated iron, form the faces 
of a hexagonal prism, the edges of which are parallel to the axis, 
and receive the current from the generator. The spindle carries 
a system of six similar coils, which revolve inside the first set ; 
the two ends of the wire wound on these coils are connected, one 
to the equal segments, and the other to the unequal segments of 
a 6-bar commutator fixed on the spindle ; a pair of brushes rub 
on this commutator, one of which is joined up to one end of the 
fixed coil circuit, and the other to the generator, so that when 
they rub on the commutator the current traverses the circuit of 
both fixed and movable coils ; the direction of the connections is 
thus reversed six times per revolution in tlie rotating coil. If the 
machine is given a push with the hand, it will continue to revolve 
when the alternating current is switched on and its speed is 
accelerated. 

* When the normal speed is reached (1,500 revolutions), the 
brushes are turned round until they make contact with two stops 
which short-circuit them ; the motion continues then in virtue of 
the reciprocal action of the current and the magnetism induced in 
the short-circuited coils of the rotating part. 
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* A special device ensures the short-circuiting of the armature 
as soon as the speed reaches 1,500 revolutions. Semi-circular 
metallic segments, fixed on the spindle inside the commutator 
and held by springs, make contact with the commutator bars and 
close the circuit by the action of centrifugal force, when the speed 
reaches a certain value. 

* When the machine has been started in this manner the brushes 
may be raised. The motor is not synchronous and continues to 
revolve with a less speed as the load increases, but it is not self- 
starting, and there is much sparking at first.' 

In 1 89 1 MM. Hutin and Leblanc built asynchronous motors 
for single-phase alternate current and gave the theory of their 
action. 




iiiilliiii 




^^^. 



Fig. 156 



Fig. 157 



Herr Brown and the Oerlikon Co. gave their attention about 
this time to the construction of this type of motor, and were not 
long in rendering them quite practical. 

The motor is formed of a ring-shaped field- magnet of laminated 
iron provided with either a Gramme or drum winding ; it may be 
multipolar, and the speed is then reduced as in the case of 
polyphase motors. The armature, which is generally inside, may 
be provided with a mouse-mill or drum winding, and may have a 
certain number of sub-divisions closed on themselves, producing 
as many poles as there are on the field-magnet, just as in the case 
of revolving field motors. 
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Naturally, in order to diminish the air-gap, the wire on the 
inside of the field-magnet and on the outside of the armature are 
sunk into the iron. Figs. 156 and 157 show a bipolar motor, 
with a Gramme winding on the field-magnet and a mouse-mill 
armature. 

Figs. 158 and 159 show a drum-wound armature; the two 
opposite ends of the winding are connected by rings to the exterior 
circuit, in which a rheostat is inserted to vary the speed. 

As we have seen above, these motors are not self-starting, but 
when turned round a little they begin to revolve and soon reach 
the speed corresponding to the resisting torque. 

Small motors may be provided with a loose pulley and started 
by hand so that they may reach a speed sufficient to overcome 
the passive resistance ; they are then loaded by transferring the 
belt from the loose to the driving pulley. 
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Fig. 158 



Fig. 159 



With large motors this method of starting is inapplicable, as the 
passive resistance is too large. Herr Brown has indicated several 
ways of starting in such case. 

The motor may be provided with a supplementary winding, 
placed in the intervals between the turns of the main winding ; 
when starting up, the current sent through this auxiliary winding 
is retarded in phase behind that traversing the main winding, so 
that a revolving field is produced which enables the motor to start 
from rest. As soon as the speed of synchronism is reached, the 
circuit of the auxiliary winding may be broken. This auxiliary 
circuit may consist of conductors of small diameter. 

The retardation in phase between the currents in the two 
windings may be obtained in different ways. 
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We may, as in fig. i6o, place in the circuit of the auxiliary 
winding a self-inductive coil, or, as indicated in fig. i6i, we may 
insert a condenser in circuit. Herr Brown uses for the purpose 
liquid condensers of the Stanley and Molly type. 

As is indicated by fig. 162, one of the windings may be 
arranged as a ring and the other as a drum : the self-induction 
in the first case is considerably larger than in the second case, 
whereas the resistance is smaller, and consequently the necessary 
lag is obtained. 

By these methods a powerful starting torque may be secured ; 




Fig. 160 



Herr Brown was able to obtain in the case of a i^ h.p. motor a 
torque corresponding to 3 h.p. at the normal speed. 

Another method of starting consists in placing on the armature 
a winding, which is connected up to a commutator. According 
to the position of the brushes, the armature turns may either be 
put into circuit with the line current or short-circuited. When 
the brushes are set in the proper position, there is a very powerful 
starting torque. As soon as the motor gains its normal speed, 
the commutator may be short-circuited, either by means of a ring, 
which is slipped on to it, or by connecting by means of two 
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brushes, in electrical contact with one another,two rings which are 
joined up to two points of the winding diametrically opposite to 
one another. This was the arrangement adopted by Elihu 
Thomson in the motor which we described above. 

In this case the winding of the field-magnet is simple, ue, 
there is no auxiliary winding required ; but, on the other hand 
the armature must be provided with a commutator, and must 
either be wound as a drum or ring or else like the Brush or Thom- 
son-Houston machines. 




Fig. 161 

Dr. Behn-Eschenburg, engineer to the Oerlikon Co., has 
designed a motor which can start by itself, and which does not 
require too high a current ; the speed and torque of this motor 
may be varied as widely as is the case with a continuous-current 
motor. The external armature (fig. 1 63) is formed of a ring provided 
with a continuous Gramme winding connected to a kind of commu- 
tator. The internal field-magnet is also a ring provided with a Gramme 
winding and a commutator. The turns of both armature and field- 
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magnet are naturally sunk in the iron on either side of the air- 
gap. 

The current is conveyed to the field-magnet through two 
brushes (b, B2), which rest on the commutator ; a rheostat Rj allows 
of the regulation of this current. 

If the armature were provided simply with a continuous winding, 
no current would circulate in it, as the E.M.F/s would oppose 
one another. The commutator with which this ring is equipped 
arranges for the connection of two diametrically opposite points, 




Fig. i6a 

such as I — iS 2— 2^ &c., through a circuit in which a rheostat R2 
is inserted ; currents then circulate in the two halves of the 
armature, so that a torque is produced and the field-magnet 
begins to revolve. 

The brushes Bi B2 are shifted so as to have as little sparking 
as possible, and, as a matter of fact, there is no more sparking than 
with a good continuous-current dynamo. 

The motor may have an internal armature and external field- 
magnet, but Dr. Behn-Eschenburg has stated that in this case 
there is a greater liability to spark. 
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When the line of contact of the brushes B, and Bj of the 
field-magnet make with the line of contact i — i^ of the armature 
brushes an angle between 0° and 90°, there is a torque the value 
of which depends on the armature and field-magnet currents 
(which can be regulated by rheostats), and on the angle just 
indicated. This torque may be large enough for the motor to 
start under load. 

Under certain circumstances, the 
torque increases with the speed, and 
the brushes may then be set so that 
the two lines of contact are coin- 
cident. 

The regulation of the motor can 
be effected without using rheostats or 
shifting the field-magnet brushes, by 
simply altering the points of contact 
of the armature brushes. There is 
no limit of speed, and Dr. Behn- 
Eschenburg has succeeded in run- 
ning a 6 h.p. motor of this type with 
a current very little larger than the 
magnetisation current, the speed 
varying from zero to double that of 
synchronism. The efficiency of this 
motor is at least as high as that of an 
ordinary asynchronous motor. 

If ii and I2 represent the cur- 
rents in the field- magnet and 
armature respectively ; a the angle between the two lines of con- 
tact ; Ni the number of revolutions of the motor ; n the number 
of revolutions when at the speed of synchronism (n = 60 f) ; p 
the impedance of the armature circuit ; r its ohmic resistance, and 
/ its coefficient of self-induction ; m the coefficient of mutual 
induction between field-magnet and armature ; r the ohmic 
resistance of the field-magnet circuit, and l its coefficient of self- 
induction, the torque is given by the equation : 




Fig. 163. 



T = 



mM,^ 



< 2 TT Ni cos^ a 4- ^ (2 TT n)' / sin 2 a S 
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the value of ii^ being : 



ii^ = 



(,.^.)..(,._"_i^,,,). 



where u^ ==/^ sin^a -f /i^ cos* a 

/==27rN /i = 2 TrNj. 

This expression shows well the relation between a, /-, and r, 
as well as the effect of the speed of the motor. 

MM. Hutin and Leblanc employ the following device for 
starting a single-phase asynchronous motor : Between the rotating 
armature and the field-magnet is placed a laminated iron ring, 
provided with a mouse-mill winding : this ring is loose on the 
spindle. 

At starting a push is given to this ring, which begins to revolve 
under the influence of the field, which rotates in the same direction 
as itself and soon reaches the speed of synchronism. The second 
revolving field, produced by the alternating field, is stationary with 
respect to the ring : it acts on the armature, which starts of 
itself, like that of a polyphase motor, and begins to turn in the 
opposite direction to the ring. It will be seen that the ring acts 
as a screen. 

M. Boucherot, of the Wehyer and Richemond *firm,' has 
instituted tests of efficiency of single-phase asynchronous motors. 
He employed for the purpose biphase motors of the Brown type : 
he only used the winding of one phase, that of the other phase 
serving for starting (the current in this winding was retarded in 
phase by means of a liquid condenser). 

The curves of fig. 164 give the results of tests for a motor 
weighing 1,144 lb., which had an output of 12 — 15 h.p. when 
only one phase was employed as against 17 — 20 h.p. when two 
phases were used. 

The efficiencies were obtained by the method of separate losses, 
and are consequently 2 or 3 per cent, too high. The same remark 
applies to the figures for the little motor in the following table. Both 
methods were used in this case, and the difference is due to the 
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fact that the efficiency of the armature is not exactly proportional 
to . 



no 80 Oi 15D 



500 60 as 120 



«» to Of 



200 20 Oi M 









1 1 
Efficiency 




:^ 


\ 








Speed 


/ 


JCI 


N 


Vi: 






.^ 


/ 






^ 






•j^ 


7 










N 


X] 


r 












y 


/^^ 








— 


^ 


/ 






























Wai 


/JO^ 


thepiA 


</&y 







5000 
Fig. 164 



6000 



dooo 



itooo 



Load of motor 



ih.p. 

1 „ 

2 „ 



Efficiency 



By method of sepa- 
rate losses 



.56 
.685 

.715 
.685 



By ratio of watts 

at pulley to watts 

supplied 



•56 
•65 

•68 
•50 



The curves in fig. 165 are taken from a little motor weighing 
264 lbs. with an output of i^ — 2 h.p. with one phase, and 
2*4 — 3 h.p. with two phases (the curves of fig. 145 show the 
working of this motor with two phases) ; the abscissae, are propor- 
tional to the effort in kilogrammes at the periphery of a pulley 
12 cm. in diameter. 
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The following table gives the results of tests made by Ricardo 
Arno on a 15 h.p. motor, without contact rings, and without any 
device for reducing the current at starting. The motor had six 
poles, the normal frequency was 40, so that the speed of 

synchronism was ^^^ = 800. The frequency during the tests 

was more than 40, and the E.M.F. at the terminals about 150 volts. 
The test was made by loading the motor by means of a brake. 



Number 
ofrevolu- 
tions per 

minute 


Watts at 
the pulley 


True 
watts 


Volts 


1 


Apparent 
watts 


Power 
factor 
in% 


Effi- 
ciency 
in% 








17,595 


132 


150 


19,800 


89 





876 





688 


157 


27 


4,252 


16 





862 


574 


1,173 


156 


27 


4,303 


27 


49 


863 


1,943 


2,652 


155 


31 


4,770 


56 


73 


866 


2,87c 


3,774 


157 


36 


5,634 


67 


76 


868 


4,136 


5,176 


156 


42 


6,520 


79 


80 


863 


5,085 


6,171 


154 


47 


7,307 


84 


82 


862 


5,652 


6,732 


154 


51 


7,792 


86 


84 


859 


6,940 


7,854 


152 


57 


8,694 


90 


88 


858 


7,728 


8,823 


151 


64 


9,634 


92 


88 


856 


9,980 


11,398 


149 


82 


12,218 


93 


88 


851 


11,385 


13,923 


146 


102 


14,943 


93 


82 


812 


11,886 


15,478 


143 


118 


16,903 


92 


77 


816 


12,320 


16,626 


144 


128 


18,432 


90 


74 



Herr Kolben has undertaken a series of tests to determine the 
dispersion or leakage factor ; he employed the same motor as for 
the test with triphase currents : the 36 coils of the field-magnet 
were all connected in series. The frequency was 50, the 
impressed E.M.F. 180 volts, the current 18.8 amperes, and 
the power absorbed 432 watts. The E.M.F. induced in the test 
coil of the armature, which possessed 60 turns, was 54 volts in 
certain positions ; ki other positions it was smaller, and in some it 
was zero. Tracing the curve of this E.M.F. he obtained a sine 

curve, and the effective E.M.F. was therefore ^ =34'4- 



IT 

2 



The dispersion factor was therefore 

60 180 
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For 1,000 lines of force generated in the field-magnet, 800 passed 
through the armature. When the motor is loaded, the dispersion 
factor is smaller than when triphase currents are used. 
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The following table gives the results of tests made by Herr 
Kolben on a 3 h.p. Oerlikon motor at a frequency of 50. 



pulley 


Watts at 
the pulley 


Current 
in field- 
magnet 


Voltage 
at ter- 
minals 


\pparent 
watts 


True 
watts 


Power 

factor 


Slip 
% 


Effi- 
ciency 
% 


3-6 



2,650 



•^?-8 


no 

112 


4,950 
2,440 


3»776 

410 


76 
•168 


4-5 



70-5 





The two curves of fig. 166 give the results of tests made on a 
2 h.p. Oerlikon motor, designed for a frequency of 42 periods. 
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§ 8. Motor Design 

The design of synchronous motors is exactly similar to that of 
alternators, but it should be observed that the lag of the current 
behind the E.M.F. tends to reinforce the field instead of 
diminishing it. 

It is impossible to design asynchronous motors straight away, 
for it would be necessary to determine beforehand the coefficients 
of self and mutual induction. We shall adopt the indirect method 
due to Herr Kolben, which yields very satisfactory results in 
practice. 

The field-magnet is wound either as a Gramme ring or a 
drum, while the armature is provided with either a mous^-mill or 
drum winding, closed on itself and producing as many poles as 
there are on the field-magnet. 

We must determine the dimensions of the iron core of the 
field-magnet and armature, the number of turns and the cross- 
section of the winding, and, lastly, the efficiency of the motor, the 
following data being given : The frequency f ; the number of 
phases 7n (m being equal to i for a single-phase motor); the effective 
E.M.F. at the terminals e in volts ; the useful power in watts w ; 
the approximate number of revolutions n^ ; and the factor of slip 

- (varying from i '5 to 6 % for a polyphase and from 4 to 10 % 

S 

for a single-phase motor). 
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Determination of the Hamber of Poles and Diameter of 
Rotating Part. — In fig. 167 (which gives the plan of a 4-pole 
single-phase motor or a biphase motor) let d be the external 
diameter of the armature ; x the width of the field-magnet and 
armature (which is the same) ; y the radial thickness of the field- 
magnet ring. 

We must first determine the number of poles of the motor 
according to the maximum speed admissible. We get 

_ 6o F . _ 60 F 
N« being the approximate number of revolutions when syn- 




a:- 



.:^ 



chronism is reached and 2 / the number of poles of the motor. 
The table given in the section on alternator design may be used 
for this purpose, substituting/ for c. Naturally we shall take for 
N« the whole number nearest the value found and deduce the 
exact number of revolutions at synchronising speed n^. 

If - is the coefficient of slip, the number of revolutions of 
g 
the motor at full load will be 






g '\ gl 

If, for example, the slip is 4 % we shall have 

j_ 4 _ I 

g 100 25 
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and the number of revolutions at full load will be 

The diameter d of the rotating part will be determined by the 
condition that the peripheral speed Vi does not reach a dangerous 
value (for a laminated iron ring Vi must be between 50 and 80 feet 
per second). We shall get, therefore, 

The diameter Dj of the stationary part must next be found, allow- 
ing as little clearance as possible. As the conductors are usually 
sunk in the iron, the clearance may be reduced to j^ or \ of an 
inch, even in large motors. 

We can now make a sketch of the motor and determine the 
number, ^, of coils per phase (we shall generally have b=^2p). 

The total number of field-magnet coils being tn b^ the length / 
of one coil, measured along the air-gap, will be 

I m o=^TrJ>i or /= — j 
mo 

in the case in which the armature rotates. 

In the case in which the field-magnet rotates we shall have 

. TT D 

mb' 

Determination of the Section of the Field-magnet Wire. — 

To determine i, the current per phase at full load, in an accurate 
manner, it would be necessary to know the current lag, but a 
sufficiently accurate approximation can be arrived at in the 
following way : it will be safe to take i, a certain per cent, larger 
than ii, the effective current given by the equation : 

— ^ 

in which w is the power in watts, -q the efficiency, and e the 
effective E.M.F. in volts. 

rj may reach -95 — -90 for a polyphase motor of large power, 
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and '8 — '65 for a smaller motor ; in the case of a monophase 
motor, 17 varies from -9 — -6, according to the output. 

We have i| = ^* i, rf^ being the power factor at full load, 
which may reach the value '95 for a single-phase motor and '90 
for a polyphase. . 

The current density i^ in amperes per square mm. may be taken 
between -5 and 2*5. The smaller /, is, the greater the efficiency, 
but also the greater the prime cost. 

The section of the wire in sq. mm. will be given by the 
expression 

. = .'. 

The diameter d^ of the wire or the section s^ of the copper 
ribbon will be chosen, so as to approximate as nearly as possible 
to the value found by means of the above equation. 

The resistance of the wire in ohms per cm. of length will be 
given by the following expressions, which apply only to pure 
copper at a temperature of 60°. 

•00025 *0002 

dx being expressed in mm. and s^ in square mm. 

Determination of the Section of the Field-magnet Bing 
and the Hnmber of Toms of the Winding. — In consequence of 
hysteresis losses, we must not adopt an induction b greater than 
the values for different frequencies given in the table in the 
section on alternator design. 

The induction Bi through the air-gap may vary from 2,000 to 
4,000, according to the width ; the narrower the air-gap the 
larger may be the induction in it. 





Fig. 169 

Fig. 168 shows the direction of the lines of force in the case 
in which the field-magnet is provided with a Gramme winding ; 
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fig. 169 indicates the same thing in the case of a drum winding. 
It will be observed from these figures that it is quite safe to 
assume that the lines of force are uniformly distributed in the air- 
gap. 

Since x represents the breadth of armature or field-magnet 
along the axis, and^ the radial thickness of the field-magnet ring, 
the section will be : 

and the section of iron : 

8 being a coefficient dependent on the thickness of the paper 
insulation between the laminae ; its value is generally '85. 

The total number of lines of force in the field-magnet will be : 

$ = 8 Jt^ B. 

The surface of a coil along the air-gap is Ix^ I being the 
breadth of a coil : the total number of lines in the air-gap must 
therefore be : 

^1 = Bi I X, 

As there are some lines of force lost by dispersion, we must gene- 
rate more than *i lines in the coil. If a is the dispersion factor, 
we shall have 

a 

a may be taken as 75, in accordance with Herr Kolben's experi- 
mental determination. 
We shall have therefore 

I B 

a8^VB=Bi/^, 0r^ = — r /— ^. 

a B 

Replacing / by its value as found above, viz. ^— J we shall have 
Taking a = 75, and 8 = -85 we get 
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In determining x we must endeavour to minimise the losses in 
the field-magnet, viz. losses due to hysteresis, eddy currents, and 
copper resistance. 

We can calculate the loss w^ through hysteresis and eddy 
currents per cubic cm. by the aid of the tables given at the end 
of Chapter I. 

The hysteresis and eddy current loss for one coil will be ap- 
proximately 4 

/i = 8 xy Iwi, 

The equation giving the number of turns n per coil is 

2irFn 
whence 

>/2 E 10* . 

"~ 27rF^ ' 

but we know that ^ ^ SxyB, therefore 

>/2EIO® I A 

n = — =r — . - = -, 

2 7rF0^B X X 

A being a constant, since ^ is known. 

In the case of a Gramme winding the length of a turn is ap- 
proximately 2{x -f- y) ; the total length of the winding will be then 

/ , V 2 a(x +y) ^ , Ao 
2n{x +y)^ v__L^^ = Ai + — , 

X X 

Ai and A2 being two constants. 

In the case of a drum winding, the length of a turn is 2 (^c -f- /), 
so that the total length of wire for one coil will be given by an 

expression of the form a, H — ?. 

The resistance of the wire being p per cm. in length, and the 
effective current i, the loss by resistance in watts will be 

The total loss of power in one coil will be 

/>! H-/2 ^Sxy Iw^ 4. p ^Ai + ^y I^ 
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Le. it takes the form 

^x + a"+ — . 

X 

The value of jc, which renders the loss a minimum, will be given 
by the equation 

Having thus determined x, we can calculate the values of *i and 
^, whence we can deduce the value of n. 

As a result of tests on a great number of motors, Herr Kolben 
has determined a constant which allows of the direct calculation 
of «, the number of turns of one field coil. This constant c is the 
ratio of the number of ampfere-tums per cm. of the development 
of the circumference, on which are made the holes in which the 
field-magnet bars are inserted ; to the diameter of the armature 

mbm m 



c = 



irD, / 



For 40 to 60 periods and an induction of 2,000-3,000 in the air- 
gap, the value of c is between 100 and 150. This is, of course, 
only a rough approximation, and must be used in a judicious 
manner. 

The number of turns of the winding of one coil is given by the 
equation 

«i = c/ 

ttD, c 

«= — ^—. 
into 

Having determined «, x will be given by the equation 

_ A 
n 

We can determine x by the first method, deduce from it the value 
of n^ and then see whether the value of c falls within the limits of 
Herr Kolben's method. Sometimes, especially with motors having 
a large number of field-magnet coils, in order not to have too 
complicated a winding, it becomes necessary to reduce n and 
increase x^ ue, to sacrifice a little of the efficiency. 
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We shall adopt for n the whole number next highest to the 
value found, and shall then be able to make a complete sketch of 
the field-magnet. 

It is easy to see that motors which have a large number of 
field-magnet coils, will possess an armature of reduced section, and 
will consequently be light ; on the other hand, the number of 
turns on the field-magnet will be large. 

Caleulatioii of the Armature. — The motor must give a useful 

power of w watts with a coefficient of slip -, so that the number 
of turns is 



60 F / i\ 



P \ gJ 

as we saw above. The winding of the armature is divided into u 
parts closed on themselves, each part comprising v conductors in 
series. 

If rj is the resistance of one conductor (including the terminal 
connections), the resistance of one of the u parts of the winding 

will be 

Rj = vr^. 

The average velocity per second of a conductor is 



V2 = 



.i„n(x-J) 



iZ, 

60 



D2 being the average diameter of the winding. 

Each conductor has a length x^ and traverses a field of inten- 
sity Bi, with a velocity ^ ; the E.M.F. induced is therefore 

and the E.M.F. induced in the v conductors of one of the u parts 
of the winding is : 

The total loss of power in the copper will be : 

El' 
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We have seen above that the efficiency, when only taking 
account of the armature loss, is proportional to — . 

We have then • 

w k' 


and since : 

we shall get : 

a>i__ K — k' _ 


W + to), K ' 


W K 


■ '(-i) "— r^-' 



therefore : 



w = (^- i)coi = ^'-«(^-i). 



Substituting the value for e, in this equation : 

io16ri * g' ' 

vu\& the total number «, of conductors placed on the periphery 
of the armature ; we have therefore : 

Solving for Ri, the resistance of one of the u parts of the winding, 
we have : 

IO»6«W ^ 

The current circulating through the armature conductors will be : 

I = 5i = ^-^ ^2^1 
Rj lO^Ri^' 

or, replacing R, by its value, and noting that vu =^n^ : 
__ lO^W ^_ 
* «iVa:cBi^-i' 
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We can now calculate the section of the winding and see whether 
the current density is too high. 

These equations are applicable to all armatures, and for the 
case of a mouse-mill armature we have 2;= i, « = «, and Rj is 
the resistance to be given to one bar. In these expressions Vj is 
expressed in cm., w and 01 1 in watts, Ri in ohms, Ej in volts, 
and Bi in C.G.S. units. 

Determinatioii of the Magnetisatioii and Full Load Currents. 
— The effective current, when the motor is running light, may be 
found in the same way as for a transformer. 

li/i,a and 4 (fig. 1 70) are the 
average lengths of the magnetic 
circuits ; b', b/, B2' the roots of 
the mean squares of the induc- 
tion (which we may call the 
effective induction) respectively 
in the field-magnet, the air gap 
and the armature core ; ^i and 
^2 the values of the magnetic 
permeability in the field- magnet 
and armature respectively (these 
may be determined from the mag- 
netisation curves) ; the total number of ampere-turns of the field 
for each phase, of a motor with If coils per phase, running light, 
will be : 

l'«'=l^^f2^B/-hA+ M, 

and the effective current when running light will be : 

•8 ^ f 2 fl b/ + ^ + ^^) 
1 — , , 




Fig. 170 



This expression shows that the effective current in the field- 
magnet increases with ^, t\e. the number of poles ; if the speed 
remains constant, it will also increase with the frequency, for the 
principal factor, viz. the air resistance, remains constant for given 
dimensions of the motor (it is proportional to the air-gap, which 
remains constant). 
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The effective current when the motor is running hght will 
differ very little from the simple magnetisation current, for the 
power in watts co', which must be supplied to the motor to over- 
come passive resistances, losses in the copper, &c., is very small. 

■■'=:' 

is the effective current necessary to overcome the passive re- 
sistances, &c. 

The effective current when the motor is running idle will be : 



and I2' will be very nearly equal to i'. 

If, when the motor is finished, it is observed that \^ is greatly 
different from i', we must conclude that the design is bad. 
Currents are induced in the armature in the wrong direction ; 
these currents do not tend to increase the torque, and simply 
cause a loss of energy. In such case the slip, even when running 
idle, will be very large. Currents of this nature cannot be avoided 
in single-phase motors. 

The effective current at full load may be determined in the 
following manner : 

We may safely assume that the effective magnetisation current 
at full load is i' (although in consequence of the diminution of 
induction in the iron, it may be a little less). 

The effective current necessary to yield the required power 
may be expressed as follows as a function of the useful power, w, 
and the power wasted, Wx : 

E 

The total current, being the resultant of the magnetisation current 
and the power current (which differ in phase by 90°), will be 
given by the expression 

We can now verify the section of the wire as found above and the 
power wasted due to its resistance. 
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Calcnlation of the Efflcieney.— The different losses may be 
determined as follows : 

(i.) Hysteresis and eddy current losses. 

We can calculate these losses per cubic cm. for the field- 
magnet from the tables at the end of Chapter I. The total loss 
may then be found. The same losses in the armature may be 
determined by assuming that the maximum induction is 63 and 

the frequency -. 

(ii.) Loss in copper resistance of the field. This loss will be : 

ia^m i^ R, 

I being the effective current per phase at full load and r the total 
resistance of the field circuit per phase. 

(iii.) Loss in copper resistance of the armature. This is given 
as above by the expression 



0)1 = 2^ 

R 



E,^ 



(iv.) Losses by friction and air resistance. These must be 
determined by comparison with an existing motor. 



§ 9. Influence of the Shape of the E.M.F. Curve of the 
Generator on the Efficiency of a Motor 

In 1894, as a result of laboratory tests, Professor Duncan, at 
a meeting of the American Institution of Electrical Engineers, 
called attention to the influence of the current curve of an alter- 
nator on the working of a motor. 

The Oerlikon Co. undertook experiments with a great number 
of motors. The conclusion arrived at from these experiments is 
that the working of a well-constructed motor, either at starting, 
when running idle or when fully loaded, is practically unaffected 
by the method of construction of the alternator and the shape of 
the current curve. 

For example, a single-phase asynchronous Oerlikon motor of 
10 h.p., working at an E.M.F. of 220 volts, was under the same 
conditions driven — 
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(i.) By an alternator of the Kapp type, the current curve of 
which is almost sinusoidal ; 

(ii.) By an Oerlikon alternator, the armature turns of which 
were sunk in the iron,, and of which the current curve is given 
in fig. 91 supra. 

The following results were obtained : 

Working with a Kapp alternator of 50 h.p., 14 poles, 430 
revolutions per minute, 2,000 volts and a 20 k.w. transformer : 



Useful Power 


1 Revolutions 


E.M.F. 


Current 


Watts Supplied 


H.P. 


2-5 

8-3 
ii-o 

12-2 

Starti 


Watts 



1,840 
6,100 
8,100 
9,000 
ng light 


! 1,580 
1 1,575 
! 1,560 

1,520 


215 
215 
215 
210 
210 
210 


33 

'^' 

60 
70 
45 


1,100 
2,930 
7,600 
9,800 
11,100 



Working with an Oerlikon alternator of 100 h.p., 12 poles, 
500 revolutions, 2,700 volts and a 15 k.w. transformer : 



Useful Power 














E.M.F. 


Current 


Watts Supplied 


H. P. 


Watts 








1,520 


215 


33 


1,100 


3*1 

9-8 


2,300 


— 


212 


34 


3,400 


6,100 


1,500 


220 


ji 


7,400 


7,200 


1,494 


220 


8,800 


1 1 -8 8,700 


1,480 


205 


70 


10,800 


Starting light 




200 


45 


— 



It will be seen from these results that the form of the curve of 
the alternator has practically no influence on the motor. 

The influence of the motor on the shape of the curve of the 
generator is, on the other hand, a great deal more important, and 
may, in certain cases, exert a dangerous eff*ect. 

Under certain circumstances, a generator, of which the curve, 
when running light, or when loaded with non-inductive resistances, 
is very nearly a sine curve, may give a very capricious curve, as 
shown in fig. 171. 

The curves of this figure have been taken from a tripiiase 
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alternator of old-fashioned type, with an armature wound with 
bars placed in holes. Curve II., taken with no load, is very 
nearly sinusoidal. When the alternator, driven by a turbine, 
actuated an asynchronous motor of 200 h.p., which drove the 
transmission shafting of a factory, in conjunction with a steam 
engine provided with a good governor and powerful flywheel. 
Curve III. was obtained. The dotted curve is a true sine curve. 




Fig. 171 

In addition to increasing the losses in the iron of the generator, 
transformer and motor, due to the double fluctuations of the 
current, the increase of the maximum E.M.F. has two serious 
consequences. 

(i.) The insulation of the installation is in danger. 

(ii.) The self-induction of the line and the factor of impedance 
are greatly increased, and consequently, at the same time, the loss 
of potential on the line due to the apparent resistance. 

The curve in such circumstances would be just as irregular 
even if the alternator gave with no load a true sine curve. 

N 
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CHAPTER III 

TRANSFORMERS AND CONDENSERS 

§ I. Oeneral Properties of Transformers 

Dr. Hopkinson has investigated this subject by an indirect 
method, in which the number of turns wound on the transformer 
coils enters into the calculations. 

Supposing the permeability of the core constant, if R represents 
the magnetic resistance of the iron circuit, we have 

R=S- 

/ indicating the lengths of the different parts of the magnetic 
circuit, s their sections, and ft their permeability (supposed 
constant). 

Dr. Hopkinson supposes the magnetic . induction in the core 
to vary in a simple periodic manner, so that if ^ denotes the 
induction at a given moment, and ^^ the maximum value of this 
induction; we have 

<& = ^^ sin K / 

where k = ^, t being the time of a complete period, and / 

T 

the time at which the instantaneous value is taken. 

On the other hand, if i^ and i^ represent the instantaneous 
values of the primary and secondary currents, we have : 

= <&^sinK/B. 
Let us put 

/, = iisin(K/ - <^,) 

/, = I2 sin (k / — <^2), 
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I, and I2 representing the maximum values of the primary and 
secondary currents, <^i and 4^^ the respective retardations behind 
the induction. 

The total induction through the secondary circuit at a given 
moment is 

the induced E.M.F. acting in this circuit, which is equal to the 
impressed E.M.F., is then 

dt ^^ dt 

= — K «2 ^^ COS K /. 

If L2 is the coefficient of self-induction of the external part of the 
secondary circuit, and rj the resistance of the secondary coil, we 
have 

(i) K «2 ^0 cos K/ + K La la cos (k / - </>a) + ^2 ^a (sin k / — 0a) = o. 
On the other hand, the expression 

4 TT («i 1 1 + «2 ^2) = R <&o sin K / 
gives 

/,= *^sinK/-?!il« 
4ir;ii n^ 

or 

(2) 1 1 sin (k / — 0,) =. 5A sin K / — ^ la sin (k / — ^2). 

4T«| «, 

• If L, and r, represent the coefficient of self-induction (of the 
external circuit) and the resistance of the primary coil, and if 

e^ = Ea sin (k / — B\ 

ea and e^ being the instantaneous and maximum values of the 
impressed E.M.F., when 

/, = iisin(K/ — <^,), 
then the E.M.F. 's acting in this circuit will be 

^a-L^= - KLiIiCOS(K/- «/^,), 

N 2 
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and the E.M.F. due to the variation of the induction through the 
core will be : 

^/= — K«i^^COSK/. 

We shall have therefore on the whole : 
(3) EaS!n(K/— ^) = riiisin(K/— ^1) + kLj ij (cosk/— 0,) + 

K«i*^COSK/. 

In the case in which Lj and Lj, the coefficients of self-induction 
of the external circuits, are small enough to be neglected the 
equations become 

(i) K «9 <&^cos K / + ra I2 sin (k / — f^ = o. 

(2) ii sin (k / - ^1) = ?^^sin k / - ^ ig sin (k / - ^a). 

(3) E«sin(K/— 0) = ri I, sin(K/— </>i) + k«, ^^coskZ. 

These three equations are sufficient to solve all transformer 
problems. 

Making successively k/=o and k/= ~ in equation (i), we 

f« 2 

shall have 

r^ I2 sin ^2 — K «2 ^o 

r^ I2 cos ^2 = o- 

Squaring both equations and adding, we shall have 

whence 

,,= L?2^^;tan<^2-oo;<^2 = !r. 
rj 2 

Making k /= ^ and k / = ^ successively in equation (2), we 
get 

- I, sin «/»i =^i2sin «/»2, 
or substituting from (i) 

ijsin^, = -^«2«^. 
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and 

I, cos <ii = ^ — — I2 cos <^a 

4ir«i «, 

since cos ^2 = <?. 

Squaring both equations and adding, we have 

Dividing one equation by the o&er, we have 

tan ^, = - !i^H!i:L^' = - 1!^. 

Making k / = <? and k / = - successively in equation (3), we 

2 

have 

— £« sin ^ = — r, ij sin ^1 + K «i <&^ 

E^ cos ^ = r, I, cos ^p 

Squaring and adding the two equations, we get 

E«2 = ^j2 1^2 ^ j^2 „j2 <^^2 _ 2 K r, «i ^, Ij sin <^i. 

Substituting, we have 

i6?r2«iV22 
^ 16 ir^ K^ (fi^ ;g2^ + 2 ^^1 ^ ;?2^ Tj r^ + ^2^ «i^} + r,'^ r^ R^ 

16 TT^ n^ r^^ 
__ i6^gK^(ri ^2^ + ^2 «i')' H- r^ ^2^ B^ 
i6 7r'«i*r2^ 

Dividing one of the above equations by the other, we have 



r, icos^i r, E 



4 7r «i 
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As tan<^, = 4"\^^' and tan ^ = 4^ ("llL + ^) 

we 5ee that B is greater than ^, ; that is to say, the current lags 
behind the impressed E.M.F. in phase. 

If ^ is the angle of lag of the current behind the E.M.F. we 
have 



tan j/r = tan (^ - ^,) = 



4 7rK«|*r2^R 






l6 7r2 k2 V {^2 «l' + n «2*} + ^1 ^2^ R' 

Applying Blakesley's graphical method, if da (fig. 172) repre- 
sents the direction of the magnetic in- 
duction, OB making the angle ^^ with 
OA will represent the direction of the 
current in the primary coil, and oc 
making the angle B with oa will repre- 
sent the direction of the impressed 
E.M.F. 

Let us take ob = w ij, we shall have 

BA = OB sin ^1 = /^ ij sin ^1 




= ;«_^««". 



^9^1 



(as we found above from equation 2). 



OA = OB cos ^i = #« 



B 



4T«i 



^.. 



Fig. 173 



whence 



Thus 
OB^ = oa2 + ab2 = m^ Ii2 

lr22V i67r«VJ ' 



The current in the primary circuit is therefore the resultant of two 

currents differing in phase by -. 

2 

If we put 

i/ = !iV^^ andii" = -^* 



ran. 



4ir«i 



TRANSFORMERS AND CONDENSERS 183 

we have 



but 



ii^=(iiO^ + (iiT, 



Ij . fVg I2. 



The current i/, which is proportional to I2, may be called the 
working current, and the current i,", which is proportional to the 
flux of induction, may be called the magnetisation current. 

Since the current in the secondary is retarded by an angle 

- behind the flux, as we have seen from equation (i) above, we 
2 

can represent it in direction by ob'. 



ob' = BA = /« ^ lo 
I2 = J!l_ob'. 

The maximum value of the E.M.F. induced by the flux 
in the primary circuit is (as we have seen above) k «, ^o, and it 
has the same direction as o b', 

making o K' = w K «i *, 

/^ K«i r2«i BA ^2«i^ 

— Q — • 0— B A 

m K «2 ^2 

for ^o = ^^^' ^f (see equation for b a above). 
mYin<^ ' 

ok' will represent in magnitude and direction the E.M.F. 
induced in the primary. The maximum effective E.M.F. is r, i,. 
Taking 

OL = wri I| = /"i OB 

o L will represent in magnitude and direction the effective E.M.F. 
which is the resultant of the impressed E.M.F. and the induced 
E.M.F. 

Taking o K = o k' and completing the parallelogram, om will 
represent in magnitude and direction the impressed E.M.F. We 
shall have therefore 

o M = w E^. 
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It is easy to verify that m o n = ^ by substituting for the lengths 
in the equation tan m o n = ml + ln ^ ^^ values they represent. 

In practice it is also necessary to take account of hysteresis 
and eddy current losses. If / is the loss in the iron of a trans- 
former, for the value of <&o corresponding to a given load (we shall 
see further on that ^^ varies with the load) the maximum current 
i/'' of the same phase as the impressed E.M.F. necessary to 
compensate for this loss will be given by the equation 



2 ^ E« 



In the diagram (fig. 173) let us take od = »«i/" ; drawing 

B E equal and parallel to o d, o e 
will represent in magnitude and 
in phase the total current in the 
primary, and we shall have : 




OE^ wi 



Fig. 173 



The effect of the losses by hys- 
teresis and eddy currents is there- 
fore to increase the current in the 
primary in the ratio of o e : o b 
and to diminish the lag between the E.M.F. and current for 

The power expended in the primary of a transformer is the 
mean value of e^, t\ , ^^ being the instantaneous value of the im- 
pressed E.M.F. 

Now e^ = e« sin (k / — ^) and A = ii sin (k / — <^i). There- 
fore 

e^ t\ = E« ii sin (k / — $) (sin k / — <^i) 

= Ka ii {sin^ K /cos cos <^, — sin k /cos k /(sin 
cos <^i + cos $ sin <^i) + cos^ k /sin ^ sin ff>i}. 

Now the mean value of sin k /cos k /is o and the mean value of 
sin^ K /and cos^ k / is J. 
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Thus the mean value of e^ t\ is 

i(E^iiCos^cos<^i + Eai, sin^sin<^i) 
= 2 (^1 ^1^ cos^ <^i +^111^ sin* ^1 — K «i ^o I sin ^j) 

= i(nii* + r2i2»), 

or, taking into account the hysteresis and eddy current losses, we 
shall have as the mean value of the power in the primary 

rg, the resistance of the secondary, varies inversely as the load, 
for the resistance of the secondary winding is small and may be 
neglected. 

When the secondary circuit is open we get 

^2 = 00 : I, = o. 
If the impressed E.M.F. is constant we have 






leir^n^^rj^ 



16 ir^ k2 (r, «2^ + ^2 n^^f + r^^ r^ R' 



2 



It is easy to see that ^^ increases when r^ increases, that is as 
the load decreases. On open circuit we have 






leTt^n^^ 



since the value of r, «2^ t^^Y be neglected. 

The intensity of the magnetisation current is given by the 
equation 

47r«i 

It increases with R, the magnetic resistance of the transformer, 
and diminishes when k increases — i.e. with the frequency— for ^^ 
diminishes when the frequency increases. It increases also with 
^o — t,e, as the load decreases. 

The magnetising current on open circuit is 

R« 



(i/r = 



i6 7r2K«;^,4+r,«B2 
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It increases with E, and decreases as r^ increases. 
The diagram (fig. 174) allows of the determination of the 
primary current on open circuit. 

Let us take o a = wi," tan ©i on 
open circuit will be given by the equa- 
tion : 

tan«,=4JL^'\ 

If B is small, B^ = 90° since tan ^^ 
becomes equal to c». 




Fig. 174 



Taking 



A E =:m I1 



2p 



OE will represent the maximum value of the current in the 
primary and ^*, the angle which o e makes with the vertical, the 
lag. 

(It should be noticed that the losses by hysteresis and eddy 

currents increase with ^^for we have b= -?, s being the section 

s 

of the core, so that they are maxima on open circuit.) 

We know that : 



and 
Therefore 



*2 = 



i6 7r^«,*r2^ 
16 TT^ k2 V ^ ^^2 jt« 



li^ 



2 _ 



16 7r« ftj^ n^ k2 



16 ir^ Y? V + r^ E2 -' 



If B is small and if r^ does not exceed a given value (that is 
to say, if the load on the secondary is sufficient) we shall have 



2 — ^u 



1^-* = 



V 



That is to say that if we maintain in the primary a constant 

effective current ^ , the current in the secondary will also be 
V 2 
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constant. K transformer of small magnetic resistance is^ therefore^ 
practically self-regulating for constant current. 

We see that if e^ is kept constant, I2 increases in proportion as 
ra decreases ; that is to say, the current in the secondary increases 
with the load. 

The maximum value of the difference of potential at the ter- 
minals of the secondary is 

E2 = (^2 — r<^) I2, 

r^ being the resistance of the secondary winding. 

We shall have, therefore, 



2 



i6 TT^ K* «i^ V (^a - ^2^) ' 



^' ~ 16 7r« k2 (r, V + ^2 ^i*)'* ^ n ^2^^'^ - 

If the values of rj, «2 ^"d £, are not very large, we can neglect 
^1 n^ and r^ r^ B (for «2 is small compared with «i, ^ being the 

«2 

ratio of transformation), and we shall have 



2 = «2* p 2 



E2 — — k E^ 



n 



A transformer of small magnetic resistance, and with small ohmic 
resistance in the primary, is therefore practically self regulating for 
constant potential. 

The lag between the E.M.F. and the current is smaller than j/r. 
i/r increases with r^ that is to say, it decreases with the load. 
Practically, after a certain load, we can assume that the real lag ^^ 
is less than i/r, or the power factor is zero. (This is confirmed by 
all the results of experiments, as we shall see further on.) On open 
circuit we shall have 

tan ^=^i^liL^'= tana. 



If K is very small we shall have 



IT 



tan i/r s= 00 iif ss 

2 
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That is to say, the magnetisation current on open circuit is behind 

the E.M.F. in phase by an angle - . 

If i'" is the maximum value of the current in phase with the 
E.M.F., which will compensate for the hysteresis and eddy current 
losses, we shall have (fig. 174) : 

(ij')* = ij2 4. (i/") 2, ii* being the total primary current. 

The losses by hysteresis and eddy currents diminish with the load, 
whether the effective current in the primary or the effective 
terminal E.M.F. of the primary is kept constant. 



_ i6ir« n^^r^ 



We have, in fact, 

A a — ^ z:i_:i — '■ ' ^ i .^ 

and 

' i6 7r«K«(r, n^ + ^a^iT^+'^iW^ "* 

We observe that if we keep either e„ or i, constant, in both 
cases ^o increases when fg increases, that is when the load 
diminishes. 

In practice, if r^ is small, since n<^ is very small, we see that the 
variation in the value of ^^ is very slight, and in a transformer 
working at constant potential may be entirely neglected. 

In practice the data are generally the effective values of the 
E.M.F. and current ; it will be necessary, therefore, to replace 
them in the equations by their maximum values — viz. the effec- 
tive values multiplied by >/ 2. 

The values of the currents, E.M.F. 's and resistances, are 
usually given in amperes, volts, and ohms, whilst the magnetic 
inductions and magnetic resistances are given in C.G.S. units. 
It will be necessary in the equations just given to replace the 
currents by their values in amperes multiplied by lo""*, the 
E.M.F. 's by their values in volts multiplied by lo^ and the 
resistances by their values in ohms multiplied by 10^. 

If El*, ii", EaS I2* represent the effective values in volts and 
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amperes, r^ r^ the resistances in ohms, the principal equations 
may be written as follows : 

tan ^ 4^K«.V»iBio» 



16 7r» K« «,« (r, «,« + /•, «j») + r, V £ lo* 



1 1*' being the effective value of the working current ; 

1 1" being the effective value of the magnetising current ; 

* 2 22o^^^t1«i W /e AJ 

" " 16 TT^ k2 (ri «2' + ^2 «i')' + 10'' r,^ ^2' »' ^ ^ * 

When r, and B are very small, or when r^ is very large, we 
have 

_ -s/'2*IO^ El* _ \/2^ El* 10^ 
*"■ K^Ii "■ "Ttt F «i ' 

F being the frequency. 

This is the equation which we applied to the calculation of 
the field of asynchronous motors for which n^^o and r^ = ©o. 

A transformer is always formed of one or two cores of laminated 
iron, surrounded by the turns of the primary and secondary coils. 
Therefore, for a given shape of section, the length of one turn of 
either circuit will be almost proportional to the square root of the 
surface of the section. 

The section of the copper cannot be increased to very large 
proportions so as to reduce the losses due to ohmic resistance : 
(i) because of the great prime cost, and (2) because in transformers 
with closed magnetic circuits the iron completely envelops the 
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copper ; an increase of the section of the copper involves a 
corresponding increase of the section of the volume of iron. 

Influence of the Haximum Hagnetic Induction.— If the 
sections of the wires of a transformer are given, as well as the 
number of turns on the primary (and consequently the number 

of turns on the secondary, for we have ^ = a, the ratio of trans- 

formation), O^ will be easily calculated from the equation given 
above. 

In this case, the shape of the transformer and the ratios of 
the dimensions of its different parts being known, there is only 
one variable quantity, that is b, the maximum magnetic induction 
which can be admitted. We have 

-^ 

The volume will be proportional to >/? = s^ ^ 

The loss in the copper will be very nearly proportional to 
i^s = s '^ and, as we have 

s»** = -=^, it follows that s'^ = -=V. 

The total loss in the transformer may be written (if f is the 
frequency) : 



II 



= a¥ B*l + a' F> B"« + ^,. 
B* 

We see, therefore, that there is a certain value of b which 
makes the loss a minimum, and this value will be found by 
equating the root to zero. 

•I « F B "-^ + .5 a' F^ B "-^ — •s a" B "*•* = o 
•laFB*^ + 'S^'f^b —'S^" ' =0. 

It is easy to see that the value of the induction which makes 
the loss a minimum is less the higher the frequency. 

The practical values which may be taken for b according to the 
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frequency are the same as for alternators and motors, and they 
are given in the first chapter. 

Influence of the Section of the Core.— If all the values are 
determined, with the exception of *<, and «i, and if the ratio of 
the different parts of the transformer are given, we shall have 

s = ?-• = — . 

B «i ' 

If we diminish s, we diminish the losses by hysteresis and eddy 
currents, but then «, (and in consequence n^ increases — 1>. the 
loss due to the resistance of the circuits increases. It is true 
that the length of the turns decreases, but not so quickly as n^ 
increases, so that the total length of wire increases in proportion as 
s diminishes. 

There is therefore a value of s which renders the losses a 
minimum for a given load. 

Influence of the Besistance of the Hagnetic Circuit. — It is 
easy to see that the value of tan ^ increases with E so long as we 
have (see equation for tan i/f) : 

16 ir2 K^ n.^^ [r^ n^^ -^t r^ n^\ > r, r^ R^, 

which is always the case in practice. 

The lag in the primary increases therefore when B increases. 
This effect is still further enhanced by the leakage of induction 
which increases with B. 

The increase of the lag involves supplementary losses in the 
whole primary network (if no steps are taken to annul the lag), for 
in order to transmit the same power it is necessary to increase the 
effective current, and consequently the line losses. 

If no account is taken of hysteresis and eddy current losses the 
efficiency varies inversely as B. 

Influence of the Besistance of the Primary Circuit. — The 
loss in heat increases naturally with r^. Further, if r, exceeds a 
certain value the transformer may cease to be self-regulating, for 
we can no longer neglect the term r^ n^ in the equation for the 
difference of potential at the terminals of the secondary. 

Influence of the Fregnency.— The equation — ^^^ ^^ = $^ 

27rF«i 
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shows that n^ and ^o decrease with the increase of frequency — 
i,e, for a given maximum induction the section of the transformer 
is inversely proportional to the frequency, and consequently the 
volume will be inversely proportional to f*. 

The decrease in the dimensions cannot be carried very far, for 
it is not practicable to adopt as large a magnetic induction 
B, for a high-frequency transformer as for a transformer of lower 
frequency. Nevertheless, a high-frequency transformer will be con- 
siderably smaller (for a given power), and will cost less than a 
low-frequency. 

Effect of the Dispersion of the Hagnetic Induction.— Up 
to this point we have assumed that all the lines of force traverse 
the primary and secondary circuits. 

As a matter of fact, it is impossible to realise this condition 
completely in practice, and there are always a certain number of 
lines lost by dispersion. 

The number of lines of force traversing one turn varies in the 

r-- - ,-— 1 same circuit. However, let us suppose 

I i, i ; '; that all the turns of one circuit are 

;5o traversed by the same flux. We can 

I then divide the total flux into three 

^^ i parts (fig. 175) : 

** ^^p ; (i.) One part of intensity ^, traver- 

I. \ I. ...J sing both circuits. This is the useful 

^iG. 175 flux, which we have taken into account 

in all the above calculations. Its instantaneous value is ^^ sin k /. 

(ii.) A part of maximum density ^, traversing only the primary 

circuit This flux is in phase with the primary current. Its 

instantaneous value is O, sin (k / — ^|). 

(iii.) A part of maximum density *2 traversing only the se- 
condary circuit. This flux is in phase with the secondary current, 
and its instantaneous value is <l>2 (k / — ^^, 

The instantaneous value of the E.M.F. induced in the primary 
by the flux O, is 

— K «i <ti cos (k / — ^i), 

and that induced in the secondary by the flux *2 • 

— K «2 *2 cos (k / — <^2)* 
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It is easy to see that these fluxes play the part of self-induction, 
and that they will have the same effect, supposing that the flux in 
the ttansformer is <^<, and that in the primary is inserted a self- 
induction of value Lj = «i 4>i, and in the secondary a self-induc- 
tion of the value Lg = «2 *2- 

The dispersion of the induction has therefore the effect of 
increasing the lag between the E.M.F. and current in both the 
primary and secondary coils. 

Dispersion naturally increases : i. With the resistance of the 
magnetic circuit. 2. With the value of the maximum induction. 

If Lj and Lg are the coefficients of self-induction of the primary 
and secondary of a transformer, and m the coefficient of mutual 
induction, then : 

Without dispersion ; 

Lj L2 = M. 

With dispersion : 

M= n/li La (i — \l/). 
The efficiency is : 



R = I — 






Consequently the efficiency decreases with m. 

Influence of the Joints of the Magnetic Circuit. — Accord- 
ing to the experiments of Messrs. Ewing and Low, the influence of 
the joints in the magnetic circuit is very large in a closed circuit 
transformer, but, on the other hand, it is negligible as soon as the 
circuit possesses an air-gap of any size. 

In the following table the influence of the joints corresponding 
to layers of air is given : 



Induction 



Layer of air in mm. 



4,000 
6,000 
8,000 



2-6 

3*1 



Induction 



10,000 
12,000 
14,000 



Layer of air in mm. 



3-1 
3*5 
3.7 



Professor Ewing considers that this resistance is not due to the 
thickness of the joint, but attributes it, according to his theory, 
to the discontinuity of the reaction of the elemental magnets. 
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Influence of the Variation of tbe Permeability of the Core. 

— The variation of the permeability of the core has the effect of 
modifying the curve of the secondary current. As the secondary 
reacts on the primary, the curve of primary current is also 
modified. In modern transformers, in which the maximum 
induction is small, this effect is more noticeable than in the old- 
fashioned type of transformer. 



§ 2. Classification of Transformers and Considerations on the 
Magnetic Circuit 

The iron core of the transformer is surrounded as closely as 
possible (in order to reduce the length of the turns, and conse- 
quently the c^ R losses) by the primary and secondary circuits, 
only excepting the spaces necessary for insulation. The turns of 
the two circuits are as near as possible to one another, in view 
of the great difference of tension between the two circuits. The 
turns of the two coils may be alternated, or the primary circuit 
may surround the secondary. In all cases the whole of the 
primary and secondary turns form what may be called the copper 
ring. 

Transformers may be divided into two great classes : 

(i ) Those with open magnetic circuit, 
(ii.) Those with closed magnetic circuit. 

In transformers with open magnetic circuit the copper ring 
surrounds an iron cylinder of almost the same length as itself, and 
the magnetic circuit is completed through the air. 

In transformers with closed magnetic circuit the iron takes the 
form of a ring. 

Closed transformers may be formed of : 

I. A ring of iron and a ring of copper. 

{d) The ring of copper completely surrounding the ring of 
iron (fig. 190). 

(b) The ring of iron completely surrounding the ring of copper 
(fig- 191)- 
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(c) The ring of copper partially surrounding the ring of iron 
(fig. 176). 

II. A ring of iron and two rings of copper (fig. 177). 
III. A ring of copper and two rings of iron (fig. 178). 




Fig. 176 





Fig. 178 



We may also have sevwal transformers combined into one, or 
a transformer with multiple circuits. 

Transformers with closed magnetic circuit may therefore be 
divided into : 

(a) Transformers with simple magnetic circuit. 
{b) Transformers with multiple magnetic circuits. 

When the core is of circular section, the length of the turns 
which surround it is a minimum for a given surface. When the 
core is formed of iron wire it may easily be of circular section, but 
when it is made of insulated laminated plates, as is the case with 
modern transformers, it is an advantage to make all the laminae of 
the same dimensions, ue, to give it a rectangular shape. 

In this case, the length of a turn is a mini- s,J!U^ 
mum, when the section is square. ~ 

In transformers of the Westinghouse type, the 
coil surrounding the core has the shape indicated 
by figure 179. If ^ is the breadth of the core and 
m X its height, we have 



m x^ =^ s =^ di constant. 
The length of a turn is (2 m + t) x. 




Fig. 179 
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We want, therefore, to find the value of m which renders a 
minimum the expression : 

(2 m -\- t^r ^ = -^ s=(4w4-4T+ — )s 

w \ tnj 

we shall have 

4 — TT^ »»"-2 _- Q 

4 2 ^ 

We have seen above that for the core surrounded by the ring 
of copper, there is a section for which at a given load the total 
losses in the iron and copper are a minimum. If the load for which 
it is required that the total losses should be a minimum 
diminishes, it is easily seen that the section of the core must 
diminish, it being of course assumed that the maximum induction 
in the iron remains constant. 

In the parts of a transformer which are not surrounded by 
copper, the hysteresis and eddy current losses may be diminished 
by increasing the section which has the effect of diminishing the 
maximum induction. 

Thus, for example, in the parts a b and a' b' of the transformei 
shown in fig. 177, it will be an advantage to make the section as 
large as possible (without unduly increasing the prime cost). 

In fact, it is possible to increase the section without increasing 
the length, ue, the volume is proportional to s. As b is inversely 

proportional to s ( b = - j the loss by hysteresis and eddy currents 
per cubic cm. will be of the form : 

sl-6 S'* 

The total loss will be of the form : 

S-® s 

It will diminish in proportion as s increases. 

When the volume of iron not surrounded by copper increases 
more quickly than <-he section, there is then a section which gives 
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X. rna 1- za*Q 



a, minimum loss. In fig. 180, which shows a transformer of the 
Westinghouse type, the coils being wound in a b round the core, 
the dimensions of the latter, 
which is a rectangle of sides 
a and ^, are given, and it is 
required to find the value of 
nif which makes the loss in 
the iron a minimum. 

Of course the frequency is 
given. 

If B is the maximum in- 
duction in the core, the 
maximum induction in the 

B 
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Fig. 180 



the transformer has a double 
magnetic circuit. 

The loss per cubic cm. in the iron outside the core will be of 
the form : 

The total volume of the transformer is : 

2ma-\'2C'ha){2ma'\-d)d, 

The volume of iron in the core and of the apertures is : 

2 bed ^ bda. 
The volume of iron in which the induction is lower is : 

2m^ a^ b -^^ 2m(2C'\-a-\'d)ab=:2ab(2m^a'\-m a'), 
a' = (2C+a + d), 

The loss by hysteresis and eddy currents in the portion of 
iron in which the induction is of different value is : 

2ab{2m^a'\'ma') (-^ + 4V 

We must, therefore, find the value of m which makes a 
minimum the expression : 



w' 



m 
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Solving with respect to Wi, we have 

•8 tnr'^ a a — -6 tnr^'^ a! a — m'^ a' j8 = o. 
•8^1*^ — *6(^ am'^ — fl'j8 = o. 

Example, — Suppose b = s,ooo in the core : f = 50 : and the 
laminae are '05 cm. in thickness. 

Let 3= 1-57 a, c^r^Uy d^2a. 

Taking 17 = '003 (see table at end of Chapter I.), the loss due 
to hysteresis per cubic cm. of the iron of the core will be : 

4-1431 X '003 = •0124 watts. 
The thickness of the laminse being A mm., the loss by eddy 

currents per cubic cm. of the iron of the core will be : 
S X 5 X '0001 = '0025 watts. 

We shall have, therefore, 

•0124 
a = ^- = -0041 

•0025 
p = = '000625 

a' = (2 r 4- « + <s?) = (3 + I + 2)^ = 6 fl. 
The equation to be solved is, therefore, 

'2>am}'^ — 3*6 a W* --6)8 = 
•00328 w** — '015 m'^ — '0038 = o 
328 /w^'* — 1500W* — 380 = o ; 

m will be found to lie between 4 and 5. Care must be taken 
to see whether the weight and consequently the price of the 
transformer does not reach too high a value, if w = 4 is assumed. 

§ 3. Different Methods of Using Transformers 

Transformers may be employed either to raise or lower the 
voltage in a given network. 

In the case of the distribution of power they work almost all 
the time at full load, and naturally they must give an efficiency as 
high as possible at that load. 
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The same remark applies to transformers employed at central 
stations, when they are connected to the network in proportion to 
the demand, either automatically or by placing them in sub- 
stations where there is an operator to throw them in and out. 

When the transformers are continuously connected to the 
mains, they work during the greater part of the day either on 
open circuit or with a very small load; in this case the conditions 
are different. 

M. Picou, in a remarkable paper on the efficiency of trans- 
formers, has indicated a very convenient method of showing the 
working of these apparati. 

p 

-- — Watts dissipated in the copper 




Watts lost in the iron 
Fig. x8x 

If the curve abc (fig. 181) represents the profitable consump- 
tion of power in one day, that is to say, the power delivered by 
the transformer during twenty-four hours, the power supplied to the 
transformer may be represented by placing below the curve a 
rectangle, mn, the ordonnate of which is proportional to the 
power lost in hysteresis and eddy currents, and by increasing all 
the ordonnates of the curve by an amount proportional to the 
c^ R losses at the load represented by the ordonnate. 

The losses are then represented by the two shaded parts, and 
the ratio of the total surface gives the mean efficiency for a whole 
day of the transformer. It is easy to see that the mean efficiency 
is considerably less than the efficiency at full load. 
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The diagram illustrates the enormous importance of the iron 



It is for the purpose of reducing the iron losses that Swin- 
burne proposed to return to transformers with open magnetic 
circuit, as this allows of diminishing the volume of the iron, and 
consequently the hysteresis and eddy current losses. On the 
other hand, the magnetic resistance, B, is very high (see influence 
of increase of B super). 

As a result of this investigation we see that open magnetic 
circuit tr^sformers are excellent in the case of a system of dis- 
tribution in which the necessary steps are taken to annul the lag 
of the cunent behind the E.M.F. 

With the ordinary system of distribution, the transformer has 
an excellent average efficiency, if it alone is considered ; but, on 
the other hand, the total efficiency of distribution is less than that 
obtained with the closed circuit transformer, for the lag being 
increased, the current in the mains must be larger for the same 
power, so that the losses due to ohmic resistance are increased. 

In a system in which no arrangement is made for annulling 
the current lag, it is better therefore to employ closed circuit 
transformers. The transformer will be designed so that the 
average efficiency all day shall be a maximum, i,e, the efficiency 
at average load. 

§ 4. Description of Transformers in common Use 
I. Transformers with Open Magnetic Circuit.— Oanlard and 





Fig. 182 Fig. 183 

Oibbs' Transformer. — Gaulard and Gibbs were the first to demon- 
strate the practicability of the commercial use of transformers. 
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Their transformer has a core formed of a bundle of iron wires. 
The primary and secondary are formed of rings of thin copper, of 
the shape shown in fig. 182. The connection between consecutive 
rings of the same coil is made by means of lugs, as shown in 
fig. 183, so that each coil forms a kind of helix. 

The rings are insulated from one another by shellac varnish 
and parchmentised paper. All the rings or turns of the pritnary 
are connected in series ; those of the secondary may be connected 
in several ways, either in parallel or in series. 

The first trials took place in London on the Metropolitan 
Railway, the circuit being about twelve miles in length. The 
primaries of the transformers were connected in series, and the 
secondaries supplied current to arc and incandescent lamps. Dr. 
Hopkinson found that the efficiency reached 86 to 89 %. 

In 1884 at the exhibition at Turin the celebrated experiments 
on the transmission of power were undertaken. 

A Siemens' alternator driven by a 30 h.p. engine supplied the 
power. The primary circuit was formed of an overhead line of 
chrome- bronze '14 inch in diameter and nearly fifty miles long. 
The transformers connected in series were placed in four sub- 
stations and supplied current to arc and incandescent lamps. 
Galileo, Ferraris, and Roiti tested the efficiency, which reached 

91%. 

Swinburne's Hedgehog Transformer.— A bronze core, a 
(fig. 184), with a section in the form of a cross and carrying at its 
lower end four projections, b c, which serve to support the lower 
cheek of the coils, forms the basis of the transformer. 

In the four quadrants formed by the arms of the cross-shaped 
core, are placed soft iron wires with a greater length than the coils. 
These wires are bent back at the ends, as is indicated by the 
dotted lines, so that the distance which the lines of force must 
pass through the air is diminished. It is the appearance of these 
wires which gave the transformer its name. Half of the secondary 
coil is first wound on the core, then all the primary, and above 
that the second half of the secondary. 

At the upper part of the apparatus a gunmetal plate is fixed 
by a screw, in order to keep the iron wires in position. 

Messrs. Bedell, MuUer, and Wagner have traced by the method 
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of instantaneous contact of a jet of water (see Chapter VII.), the 
various curves of E.M.F. and current of a 6o-lamp hedgehog 

transformer, which was intended to 
work at a pressure of i,ooo». and a 
frequency of 130. 

The primary had 1,426 turns of 
wire, arranged in twelve layers ; its 
resistance was 2748 ohms, and the 
weight of copper was 30 lb. The 
secondary had 73 turns of stranded 
copper ; the resistance was '0149 
ohms, and the weight of copper 
12^ lb. 

In the experiments a Westing- 
house alternator was used, giving a 
constant effective E.M.F. of 1,154 z^. 
at a frequency of 133. 

The measurements were taken 
with a Thompson multicellular volt- 
meter; carefully calibrated incan- 
descent lamps served as a non- 
inductive resistance. 

Two series of experiments were 
carried out : the first without the 
use of a condenser^ and the second 
with the current lag annulled by 
means of condensers. 

Experiments without the use 
of Condensers. — The load in the 
secondary circuit was formed of incandescent lamps, and the curves 
were traced for loads of fifteen, thirty, forty-five and sixty lamps. 

The curves for open circuit, and for a load of forty- five lamps 
(2,740 watts in the secondary) are given in figs. 185 and 186. 

We see that on open circuit the secondary E.M.F. is exactly 
opposite in phase to the primary, i.e. is 180° behind ; and that 
the primary current is more than 90** behind the primary E.M.F. 

At a load of forty-five lamps (^ of the normal load) the lag 
between the primary current and E.M.F. is about 24**, and at full 




Fig. 184 
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load about 20^ ; we see, therefore, that the lag is a great deal 
larger than is the case with a closed circuit transformer. 
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Fig. 185 



Looking at fig. 186 we see that the secondary E.M.F. is 
retarded more than 180° behind the primary E.M.F. ; the reason 
is that the leakage of the lines of force increases with the load. 
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The power absorbed on open circuit is 39*6 watts ; the losses 
in the copper being 2*58 watts (the effective magnetising current 
was nearly an ampfere), and the losses by hysteresis, &c., about 
3 7 '02 watts. 

The curves shown in fig. 187 are the values of the efficiency, 
the primary current, and the fall of potential at the terminals of the 
secondary as functions of the load. The efficiency at two-thirds 
of the load reached 96*6 per cent. 

The efficient of the transformer considered by itself is there- 
fore excellent, but as the magnetising current is very large the line 
losses are increased and may more than balance the saving in the 
transformer. 




|eort kooM,.-s ooJi9co |goo MM \m \m feflogtoe moo Icoo leoo vawf.w too feoo l8oo 

Waits in secondary 
Fig. 187 

Experiments with Condensers. — For the purpose of these 
experiments, six condensers of the Stanley Electric Company, 
which were capable of resisting a difference of potential of 500 
volts, were connected as a shunt to the primary. These con- 
densers had a capacity of 1*5 microfarads. By arranging them 
in parallel or in series it was possible to obtain capacities between 
•25 and 2-25 microfarads without the potential difference at the 
terminals exceeding 500 volts. 

The capacity which would bring the line current into phase 
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with the E.M.F. was calculated to be about one microfarad, and 
this calculation was borne out by the experiments. The con- 
densers were arranged in different manners until a minimum line 
current was obtained ; the minimum was reached when the con- 
densers were three in series and two in parallel, and with this 
disposition the capacity was about one microfarad, viz. : 

^= i*o. 

3 
These experiments were made, the first on open circuit, the 
second at a load of fifteen lamps, and the third at a load of forty- 
five lamps. 

The results are given in the following table : 



Load 


Primary Current 
(without condensers) 


Line Current 
(with condensers) 




15 lamps (1,012 w) 
45 ,, (2,740 «^) 


•95 

1-24 

3 -07 


-.87 

•867 

2730 



We thus see that the line current is five times as small as it 
would be were no condensers used. 
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Fig. 188 



Figs. 188 and 189 give the various curves for no load and for 
a load of forty-five lamps. 
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The line current is the algebraic sum of the primary current 
and the condenser current; if the currents were exactly 
sinusoidal it would be exactly in phase with the E.M.F. As we 
see from fig. 187, this can be realised in practice. In fig. 188 the 
line current is very irregular ; it has a higher frequency than the 
E.M.F., which arises from the fact that it is the algebraic sum of 
two currents which are not absolutely sinusoidal. These experi- 
ments confirm the results of theory, ix, that in the case in which 
the line resistance - is sufficiently great, there is no advantage in 
employing open circuit transformers, for then the line losses due 
to the larger current may reach a higher value tHan the economy 
effected in the transformer itself, unless steps are taken to annul 
the lag. 
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Fig. 189 

II. Transformers with Closed Magnetic Circuit. — {a) 
Transformers with Simple Magnetic Circuit— Brown Trans- 
former. — This transformer is of the simple magnetic circuit 
type. The primary and secondary are wound concentrically on a 
straight core, and the magnetic circuit is completed by a bundle 

of laminated plates in the shape of I I, the two ends of which 

abut on the ends of the core of the coils. The joints are scraped 
true, and, in order that the magnetic joint may be as perfect as 
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possible, the two parts of the iron circuit are held tightly together 
by means of a screw. 

The windings of all transformers are preferably baked in oil. 
For high tension the windings are immersed in an insulating oil, 
and are baked in the oil so as to expel all moisture. 

The following data relate to a 20,000 watts transformer : 



Load 


Efficiency 


Load 1 Efficiency 


20,000 

15,000 

10,000 

5,000 


.967 
•96 

•95 
•91 


4,000 
3,000 
2,000 
1,000 


•88 
•86 
•80 
•69 



Oanz Transformer (Zipemowski D§ry & Blathy).— The old 
type of Ganz transformer had the shapes indicated by figs. 190 
and 191. In the first transformer the core was formed of a ring 
of iron wires, the primary windings a and the secondary windings b 
(fig. 190) being placed alternately on the ring-shaped core. 

I 





Fig. 190 



Fig. 191 



In the second transformer the secondary formed one ring ; it 
was surrounded by the primary, and the whole was enveloped by 
a winding of soft iron wire, wound on the ring formed by the 
primary and secondary (fig. 191). 
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At the present time the Ganz firm builds its transformers after 
the type of fig. 190, but the core is formed of insulated iron 
laminae. These laminae are in the shape of a flat ring, and when 
assembled form a ring of rectangular section. The discs are held 
by radial cheeks (fig. 192) of 1 — • shape. The primary is wound 
all round the ring, and covered by the secondary coil. The cheeks 

at top and bottom are fixed to 
iron discs ; on the top disc the 
terminals and fuses are placed. 

In 1890 a committee, ap- 
pointed by the City of Frankfort, 
stated that at full load the effi- 
ciency reached 95 to 96 %; at 
^ load, 93 to 94%; i load, 
90 % ; and at ^ load, 80 %. 

The curve in fig. 193 gives 
the efficiency at various loads 
and the fall of potential at the 
terminals of the secondary, a$ 
functions of the load for a 7^ k.w. transformer. 

The * Institut dectrotechnique f^d^ral suisse * tested a 4 k.w. 




Fig. 193 
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Ganz transformer, of which the primary was designed for a tension 
of 900 «f., and the secondary for a tension of loo v.^ in order to 
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determine the increase in the iron losses due to an increase in the 
tension. 

The results of the tests are given in the following table : 



Frequency 


40 


40 


40 


40 


40 


40 

800 

1x6*9 
583 


40 

900 

140*8 
53a 


40 


40 


Primary tension b, 
(in volts) . . 

Losses in iron p 
(in watts) . . , 
B,»- .... 


300 
530 


400 

36-5 
539 


500 

53*4 
531 


600 

70*6 
543 


700 

92-2 
537 


1,000 

1665 
535 


1,100 

195 
535 



We observe that we shall not he far wrong in assuming the 
product Ei^"^*p is constant. 

Labour Transformer.— The magnetic circuit of this trans- 
former, which is built by the * Eclairage electrique ' Co., is formed of 
laminated plates, insulated from one another, and having the 
shape indicated by fig. 194. 

The circuit is completed by a cylinder of laminated plates, 
which is driven into the gap left in the horseshoe ; straps with 
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Fig. 194 

bolts through them are so arranged as to compress the iron and 
thus diminish the magnetic resistance. As fig. 194 shows, the 
laminated plates are not all of the same width, in order that spaces 
or channels may be left for the purpose of ventilation. 

The charcoal iron laminae, about ^-^inch in thitkness, are 
insulated from one another by shellac paper. 

p 
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The two coils are wound separately on formers of hard, dry 
wood, impregnated at a high temperature with some insulating 
material such as gum-lac or bitumen. The distance between the 
outside primary coil and the secondary coil, as well as the distance 
between the latter and the core, is dependent on the tension at 
which the transformer is to work. 




Fig. 195 

The wires are insulated by silk and by ribbons soaked in an 
insulating liquid, which hardens on the application of heat. 

The whole transformer is clamped between cast-iron plates and 
is placed on wooden rails (fig. 195). 

When the tension in the primary reaches a certain value, the 
transformer is placed in a case, which is filled with an insulating 
material which melts on the application of heat. A window closed 
by a shutter, which is held by two screws, allows of observing the 
height of the liquid without taking off the cover. 
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As the curve in fig. 196 shows, the efficient of these transfor- 
mers is excellent even at light load. 
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Lowrie-Hall Transformer.— This transformer consists of two 
bundles of rectangular plates, insulated by paper. On each of 
these bundles is wound first a primary coil and then a secondary 
above. 

The bundles of iron plates are longer than the coils, and the 
two ends are bent over and the plates interlocked as shown in 
fig. 197. 

The whole is then placed in a cast-iron case so that the two 
bundles are strongly compressed with a view to decreasing the 
magnetic resistance. 

The two secondary coils, as well as the two primary, are 
connected in series. The terminals and safety fuses are placed in 

P2 
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porcelain boxes in the cast-iron case. These transformers are 
used by the House to House Co. at the West Brompton Central 
Station. 




Fig. 197 



(p) Transformers with Donble Magnetic Circnit — Cail- 

Helmer Transformer. — This transformer has magnetic circuits of 

variable resistance. Rectangular laminated plates with a hole 

punched out of the centre as shown in fig. 198, are built up with 

Vertical section. 




paper between and clamped firmly between two cast-iron plates 
s s (fig. 199) connected by bolts. 
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The primary coil b, as well as the two halves of the secondary 
coils which surround it, is arranged as shown in the figures in such 
a way as to produce two magnetic fluxes, the mean paths of which 
are indicated by dotted lines. 

In the central circular aperture is inserted a cylinder of laminated 
discs, threaded on a bolt t. This cylinder is provided with two 
cavities and is capable of revolving round its own axis. 

When the cylinder occupies the position indicated in fig. 198, 
the magnetic resistance is a minimum. When it is turned through 
an angle of 90°, the magnetic resistance becomes a maximum. 

Since in the formula 

the magnetic resistance E occurs in the denominator, ^„ diminishes 
when E increases. As <^« decreases the losses by hysteresis and 
eddy currents also grow less. 

We may, therefore, with such a transformer, increase the 
magnetic resistance when the load decreases, and in consequence 
diminish the importance of the hysteresis and eddy current losses. 

It is also possible, by increasing the magnetic resistance at light 
load, to render the secondary E.M.F. absolutely constant for any 
load ; this will be understood on reference to the formula giving 
the value of the terminal secondary E.M.F. 

The following data relate to a Cail-Helmer transformer of 
10 k.w. output, for a primary tension of 2,000 z;., and a secondary 
of 1 10 v,y at a frequency of 60. 

Section of the iron excluding the central 
cylinder 40 sq. in. 



Length of the magnetic circuit 

Maximum magnetic induction (C.G.S.) 

Total weight of iron 

No. of turns on the primary coil . 

Current density per sq. in. (primary coil) 

No. of turns on the secondary coil 

Current density per sq. in. (secondary coil) . 1,000^ 

Ferranti Transformer. — The primary and secondary are 
wound on a bundle of insulated laminated plates, interleaved 
with one another as shown in fig. 200. 



35 Jn. 
5.630 
458 lb. 
545 
800^ 

30 
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In the Ferranti system the sub-station transformers lower the 
voltage from 10,000 to 2,400, and other transformers placed in 

the customers* houses lower it 
again from 2,400 to 100 or 50. 

The 150 h.p. transformers, 
designed to lowerthe tension from 
9,600 to 2,400 — i.e. having a 
ratio of transformation of 4 to i, 
are built in the following manner. 
There are three coils, of which 
the middle is the primary, and 
the two others form the secon- 
dary. 

Each of these coils consists of copper ribbon elements, the 
turns being insulated, as in the alternator coils, by strips of 
vulcanised fibre. 




Fig. 200 
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The primary and secondary coils are separated by plates of 
ebonite, with considerable intervals between for the purpose of 
the circulation of air or oil. 

The different iron plates which form the magnetic circuits are 
separated from one another by spaces of half an inch for ventila- 
tion or oil circulation. 

Mordey Transformer. — The Mordey transformer is of the 
same kind as the Thomson-Houston and the Westinghouse, 
which we shall study further on. 

This kind of transformer is formed, as shown by figs. 201 and 
202, of two coils, which are placed either side by side (fig. 201) or 
on the top of one another (fig. 202). These coils, of elongated 
shape, are enveloped by a hollow rectangular prism of insulated 



L 




cu 


d 


K 


a \t' 


f' * 




V 


A' 


V. 
3' 




d. 




i 


^ 


1 


1 



h' 



c' 



D 

Fig. 203 




laminated iron plates, arranged in such a way as to form a double 
magnetic circuit. The difference between the various trans- 
formers of this type lies in the manner in which the rectangular 
pieces are cut out of the laminated plates. 

In the Mordey transformer, the secondary coil is wound on a 
thin former of dry wood impregnated with ozokerit, and the 
primary is wound on the top of it. 

The transformer is built in the following manner. First, a 
rectangular plate a b c d (fig. 203), with a piece abed cut out, is 
threaded on the coil: the magnetic circuit is completed by placing 
inside the coil at e'fg'h! a rectangular plate efgh which has 
been removed from the plate efgh. Paper insulation is then 
put on, and above that, at xa' e^ adh' b' c, a plate of the same 
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shape, obtained by dividing what remains of the plate £ f g h 
along the line ik. The magnetic circuits are completed by 
placing ona' d d b' the part abed which was removed from the 
first plate abcd. This process is repeated till the whole 
magnetic circuit is complete. The whole is then clamped firmly 
by end plates of cast iron held together by screws. The terminals 
and safety fuses are fixed on a porcelain block in a cavity of the 
cast-iron envelope. 

The Committee of the Frankfort Exhibition, under the presi- 
dency of Professor Weber, of Zurich, tested two Mordey trans- 
formers, built by Kremenzky, Mayer & Co., of Vienna. They 
were of 316 k.w. output; the primary tension was 2,000 v,, and 
the secondary 100, whilst the frequency was 100. 

The curve of the primary E.M.F. shows the effective tension 
at which current must be supplied in order that the secondary 
E.M.F. may remain constant. 

The following table gives the value of the cosines of the 
angles of lag between the primary current and E.M.F. — ue. the 
power factor. It will be observed that even at light load the 
cosine is nearly i —ue. the lag is negligible. 



First Series of Tests 


Second Series of Tests 


Load 


Cos^ 


T^d 


Cos^' 


watts 




watts 




6,302 


•999 


6,261 


•997 


5.329 


I -000 


5,299 


I '000 


4,327 


I 000 


4,352 


•998 


3,370 


I '001 


3,457 


I'OOO 


2,437 
1,485 


I'OOI 


2,438 


•992 


•997 


1,488 


•987 


994 


•980 


1,008 


•985 


528 


•975 


531 


•945 



The load of the secondary circuit consisted of incandescent 
lamps — ue. there was practically lio self-induction. 

Oerlikon Tran8former.--The core of the transformer is formed 
of a bundle of insulated laminated plates, of the shape indicated 
by the transverse section in fig. 204. The secondary coil is 
wound on a former, enveloping the straight core, and the primary 
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surrounds the secondary. The two magnetic circuits are closed 
by means of plates of 1— « shape at top and bottom, as the longi- 
tudinal section indicates. 




Fig. 204 



The curve, fig. 205, gives the efficiency of a 2 k.w. Oerlikon 
transformer. 
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The Committee of the Frankfort Exhibition conducted tests of 
an Oerlikon transformer of 7*5 k.w. output, the primary tension 
being 2,000 z;., and the secondary 100 v. This transformer, which 
was built for a frequency of 50 ^, could only be tested at a 
frequency of 100, which naturally altered the conditions of 
working. 

The curves (fig. 206) give the efficiency, the losses in the iron 
and copper, as well as the tension which must be impressed on 
the terminals of the primary to obtain at any load a constant 
E.M.F. of 100 V, at the terminals of the secondary. 

With regard to the efficiency, it may be remarked that the 
losses in the iron diminish as the frequency increases ; this result 
is borne out by the tests made on an Oerlikon transformer of 
3 k.w. output by the Institut dectrotechnique f^d^ral of Zurich, 
which are given below : 

Frequency . 27-5 32*5 37-5 42-5 47-5 52-5 57-5 
Iron losses . 777 72*2 66-6 61 -8 58*0 56*7 55-0 

The efficiency of the transformer at a frequency of 50 would 
be therefore slightly lower than that shown on the curve. 

On the other hand, at the normal frequency the variation of 
the primary tension necessary to maintain a constant secondary 
E.M.F. is a little less than that given by the curve. 

In fact, if E2' is the tension at the terminals of the secondary 
on open circuit, and E2" the tension at a given load, we have 

E2' r^ I \nj Li "^M' 

r^ being the resistance of the whole of the secondary circuit, 
corresponding to the given load ; rg' the resistance of the 
secondary coil ; Li and L2 the coefficients of self-induction of the 
primary and secondary circuits ; and m the coefficient of mutual 
induction. 

When the frequency increases the first two terms do not alter, 
but the third increases, since it contains f and sin <^i, for we have 

tan<^i= ^'^^^\ andK = 27rF. 
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The loss of power in the iron (fig. 206) increases rapidly with 
the load. This arises from the fact that the transformer tested 




was provided with a case of iron which was not laminated, so that 
when the load increased the leakage through this case also 
increased. Modem Oerlikon transformers are not provided with 
this iron case. 

The following table gives the value of the cosines of the angles 
of lag between the primary current and E.M.F. at different loads : 



First Series of Tests 


Second Series of Tests 


Load in watts 


Cos^' 


Load in watts 


Cos^' 


7,241 


•997 


7,329 


•997 


6,307 


I -002 


6,328 


•996 


5,305 


•996 


5,344 


i-ooo 


4,376 


I-OOI 


4,402 


i-ooo 


3,429 


•996 


3,405 


I-OOI 


2,454 


•992 


2,472 


1-003 


1,497 


•999 


1,505 


•996 


535 


•984 


534 


•980 



Thomson-Honston Transformer. — The general shape of this 
transformer is given in fig. 201. 

In the first types the iron plates had the shape of a double 
T (fig. 207) ; KBJe'plcCT>goneh'y the two coils were wound 
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in the spaces v v, and the magnetic circuits were completed by 
the two pieces efgh and ij kl^ also formed of laminated plates. 
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At the present time the plates are in the shape of an E (fig- 
208) ; the coils are placed in the spaces v v, and the magnetic 
circuits are completed by the two pieces a b ^^ and efgh. 

The Thomson- Houston Co. have also built transformers for 
constant current in the secondary ; the secondary coil is suspended 
on a rocking lever above the primary. When the induction varies 
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Fig. 209 



the secondary coil is displaced in relation to the primary, so that 
the secondary current remains constant. 
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Westmghoiue Transformer. ^This transformer also is of the 
type indicated by fig. 201. Fig. 209 shows the method of form- 
ing the magnetic circuits ; the stampings are cut along the lines 
a b and c d, and the pieces removed. The coils are then placed 
on the central part of the e, and the pieces which were removed 
are replaced, so as to complete the magnetic circuits. As a rule 
no paper is placed between successive stampings, as the rust 
insulates them sufficiently. 

The whole transformer is then clamped firmly by means of 
bolts between two cast-iron frames placed at the ends of the iron 
stampings. 




Fig. 3ZO. 



Messrs. Ryan and Meritt have traced by the method of instan- 
taneous contacts, curves showing the working of a Westinghouse 
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transformer at different loads, 
ing dimensions (fig. 202) : 

a = 4'6 inches 
r=7-6 „ 



This transformer had the follow- 

^ = 3 inches 
^ — 1*2 inch 



The volume of iron was 132 cubic inches, the principal section of 
the magnetic circuit 10 square inches, and the average length 
T2 inches. 
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The number of turns of the primary circuit was 675, and that 
of the secondary 35 ; the resistance of the primary circuit was 
2 1 '8 ohms, and that of the secondary '04 ohm. 

The curves (figs. 210, 211 and 212) show the working of the 
transformer (i) on open circuit ; (2) with a load of one lamp ; 
(3) with a load of ten 6 c.p. lamps. 
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The efficiency, the various losses, the tension in the secondary, 
&c., are given in the following table ; the primary tension was 
10202;. 



Load 


Volts 

in 

Secondary 


Watts 


Efficiency 


Losses 




HysteresU 


Circuits ^ | 


Primary 


Secondary 


Primary 


Secondary 


Open circuit 

I lamp 

5 lamps . 
10 lamps . 


52-3 

523 

50-I 
47*1 


961 

388-6 
6079 




64-3 
300-9 
525-0 




64-3 
77-5 
86-6 


957 
93 9 
831 
697 


•4 
•9 

3-3 

«7 




•9 

1-3 

4-5 



The retardation of the secondary E.M.F. behind the primary 




Fig. 212 



E.M.F. which will be observed in fig. 212 (10 lamps on secondary) 
arises from magnetic leakage. 

The losses through hysteresis and eddy currents decrease 
rapidly with the load, as we have seen above {hysteresis and eddy 
current losses). 
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(c) Transformers with Multiple Magnetic Circnits. — 
Schuckert Transformer. — ^These transformers are formed by a 
ring consisting of thin iron strip wound spirally, consecutive 
turns being insulated with paper. 

On the upper surface there are 4, 6, or 8 radial grooves, 
separated by wedge-shaped projections, and every other projection 
carries a primary and secondary coil on the top of each other, as 
shown in fig. 213. 




Fig. 213 



The upper faces of the projections are turned up, and a flat 
ring of spirally wound iron strip is placed on the top, being held 
firmly by means of bolts. 

The Committee of the Frankfort Exhibition conducted tests of 
a Schuckert transformer of 10 k.w. output ; the primary tension 
was 2,500 v,y the secondary 139 v.^ and the frequency 50. 

The transformer consisted of four divisions, each of which had 
435 primary and 24 secondary turns. The weight of the copper 
was respectively 13*6 and 17*4 lb. The ring carrying the teeth 
weighed 264 lb.,^d the cover 170 lb. 

The Committee could not test the transformer under its normal 
working conditions— they had to adopt a fi-equency of 100 ; and as 
they could not reach a tension of 2,500 v, (at this pressure the 
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transformer was intended to have two primary windings in series 
and all the secondary windings in series), they connected all the 
primary windings in parallel at a tension of 1,600 v, (or about 
30 % more than the normal ^-V--^)* and left the secondary windings 
in series. 

The curves (fig. 214) give the results of the tests. The curve 
of the primary E.M.F. shows the tension which must be impressed 
on the terminals of the primary in order that the secondary 
E.M.F. may remain constant (about 176 v.). 

The Committee also investigated the effect of an increase of 
the primary tension and frequency on the efficiency of the 
transformer. 



-^09% 




J9O0 J>e99 Sm f»M ///* 8»** 9999 f9999 Mtt 

Fig. 214 



WiMi 



As for the same load, the currents in both windings are less, 
the copper losses diminish. For a load of 10 k.w. the currents 
at the normal E.M.F. would have been 1*3 times larger; the 
loss in the copper as measured was 236 watts, and therefore 
under the normal conditions of working it would have been 
236 X 1*3^ = 399 watts. 

The iron losses, which were 397 watts at a load of 10 k.w., 
would have been at the normal tension i-^^'^^ times smaller. 

Q 
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Thus iron losses at normal tension = — V« =258 watts. 

1.3I65 

The total loss, instead of being (236 + 397) = 633 watts, would 
have been (399 + 258) = 657 watts, or 24 watts in excess. But, 
remembering that at 50 ^ the iron losses would have been 
more than at 100 ^, we shall be right in assuming that the 
efficiency under the normal conditions of working would have 
been very nearly the same as that found. 

At light load, on the contrary, as the copper losses are less 
important, the efficiency under normal conditions would have 
been a little higher than the value found. 

The variation of the primary E.M.F. necessary to keep the 
secondary E.M.F. constant would also have been less under the 
normal conditions of working. 

The following table gives the values of cos i/r', or the power 
factor for different loads : 



First Series of Te^ts 


Second Series of Tests 


Load in watts 


Cos^ 


Load in watts 


Cos.^' 


10,871 
9,514 
7,807 
6,480 

4,991 

3,768 

2,251 

796 


•993 
•993 
•984 
•983 
•989 
•985 
•946 
•806 


10,733 
9,142 
7,956 
6,601 
5,124 
3,628 
2,206 
785 


•992 
•993 
•995 

•965 



§ 5. Transformers for Polyphase Currents 

Of course a separate transformer may be used for each phase, 
but it is an advantage, from the point of view of the prime cost, to 
build one transformer for all the circuits. 

Fig. 215 shows the section of. a transformer for biphase 
currents ; the three limbs, a, b, c, are connected at the top and 
bottom by laminated iron pieces of the same cross-section as 
themselves. 

The limbs a and c s^re surrounded bjr the primary and 
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secondary coils of each phase. The limb b has no winding, and 
the mean path of the lines of force is indicated by dotted lines. 

B generally is of twice the section of a and c, but it may be of 
less section while still keeping the same induction. In fact, the 
flux in the branch a may be represented by ^^ sin k /, and in the 

branch c by $^ sin f k / + - j, and the flux in b will be : 



^o sin K / + <t>o sin 




Fig. az5 

If s is the section of the limbs a and c, we can give to limb e 
a section \/~2 s = 1*41 s instead of 2 s. It is better, however, to 
give b a section 2 s, and make the transformer simply a com- 
bination of two transformers with simple magnetic circuit, for in 
this case the two fluxes do not react on each other so as to vary 
the lags. 

In the case of triphase currents the section of the transformer 
is as shown by fig. 216. The three cores, a, b, c, are each sur- 
rounded by a primary and secondary coil. 

The magnetic fluxes in the cores of section s have as common 
value ^^. In the case of the double-star method of connection 
the maximum value of the flux in the rings is therefore 173 times 
smaller than in the cores. If, then, we wish to have the same 
induction everywhere, it will be sufficient if s is the section of the 

cores to give the rings a section = -577 s. 

We may also build a triphase transformer with three cores 

Q2 
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whose axes are situated in the same plane, but in this case the 
yoke-pieces must have the same section as the cores, in order that 
the induction may be the same everywhere. 

The design of a polyphase transformer is quite analogous to 
that of an ordinary transformer, and the different phenomena are 
precisely the same. 




Fig. 2i6 



Biphase Schnckert Transformer.— This transformer is exactly 
similar to the single-phase transformer (fig. 213). Every other 
tooth is surrounded by a primary and secondary winding. All the 
coils situated on one side of a diameter of the ring are connected 

in series, and form the circuit for 
one of the phases, while those on 
the other side of the diameter 
form the circuit for the other 
phase. 

Labour Triphase Trans- 
former. — The magnetic circuits 
are formed in the same way as 
those of the ordinary transformer 
(fig. 217). 

The coils, mounted on wooden 
formers, are threaded on the 
cores, and the magnetic circuits are completed by means of two 
cylinders of laminated iron, driven in by pressure. 

Triphase Transformers for the Transmission of Energy from 
Lauffen to Frankfort. — These transformers, some of which were 




Fig. 217 
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built by the Oerlikon Co., and others by the Allgemeine Electri- 
citats-Gesellschaft, were of the same type as that shown in fig. 216. 

The cores were of laminated iron, and the two flat rings of iron 
strip wound spirally, with paper insulation. 

The two windings were concentric (fig. 218), the thick wire coil 
being wound on the core, and the fine wire on the top, with a por- 
celain sleeve between. 




Fig. 218 

The transformers, after being well dried, were placed in a case 
of iron plate filled with oil. 

Determination of the Efficiency.— It was at first intended to 
measure the efficiency of each transformer by means of six watt 
meters ; but after a discussion the members of the Committee 
agreed to conduct the tests in the following manner : As there 
were at Lauffen, as well as at Frankfort, two 100 k.w. transformers 
of the Allegemeine Electricitats-Gesellschaft, and one 150 k.w. 
Oerlikon transformer, they first measured the efficiency of the 100 
k.w. transformers, and afterwards used one of them to determine 
the efficiency of the 150 k.w. transformer. 
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{a) Efficiency of the Transformers of fhe Allgemeine 
Electricitats-Gesellscliaft.— The high-tension circuits of the two 
transformers were connected to one another. The low-tension 
circuits of one were connected to the alternator, and in the low- 
tension circuits of the other were inserted the three watt meters 
and some incandescent lamps. 

The power t/ supplied to the first transformer was calculated 
by means of the power t^ supplied to the dynamo and the known 
efficiency of the dynamo. This gave t,. 

Deducting from Ti the power lost in the cables between the 
dynamo and transformer, the value of t/ or the power 
supplied to the transformers is obtained. Xg, the power supplied 
by the second transformer, was obtained by means of watt meter. 

The efficiency Ri R2 of the two transformers combined was 

T 

-L. It was assumed that r, = Ro ; i.e, that the two transformers 

T/ 

had the same efficiency. 

The above table gives the results of four series of tests : 
ii represents the mean value of the current in the three dynamo 
circuits, Ei the mean p.d. between a dynamo circuit and the 
common return wire, and Eg between a circuit of the second 
transformer and the return wire. 

The following table gives a summary of the results of the 
large table, and also gives the loss, Pg, in the second transformer 
calculated from the efficiencies : 



Power supplied to first 
transformer, 


Power supplied by 
second transformer, 

T. 


Efficiency 

T, 


Losses in second 
transformer, 


13676 
104-36 

48-69 


126-18 
96-04 
66-92 
4362 


•961 

•959 
•955 
•947 


512 

4-II 
3-15 
2-49 



In order to be able to apply these results to the calculation of 
the efficiency of the Oerlikon transformer it is necessary to consider 
the different losses in the transformer. We have 



p, = p, + P. ; 
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p,^ the iron losses, are almost constant at given frequency ; p^ the 
copper losses in the two windings, vary with the load. 

The Committee assumed after discussion that the following 
equation was true : 

p, = 2-26 + '000185X3^. 

The following table, calculated by means of this equation, 
gives the efficiencies at various loads : 



Power 
absorbed, t. 


Losses 


Efficiency 


Power 
absorbed, t. 


Losses 


Efficiency 


40 


2-56 


•940 


100 


4-II 


•960 


50 


272 


•948 


no 


4-50 


•961 


60 


2*92 


•954 


120 


4-92 


•961 


70 


316 


•957 


130 


5-39 


•960 


80 


3*44 


•959 


140 


5-89 


•960 


90 


377 


•960 


150 


6-43 


•959 



The normal power is about 140 h.p. (100 k.w.), and the effici- 
ency is then '960. The maximum efficiency for which the iron 
and copper losses are equal is about •961. 

(b) Determination of the Efficiency of the Oerlikon Trans- 
former. — No. I transformer of the first experiment was replaced 
by the Oerlikon transformer, and a second series of tests, similar 
to the first, were made. 

R< is the total efficiency, r^ that of the transformer of the 
Allgemeine Gesellschaft, and r^ that of the Oerlikon transformer, 
which was obtained from the equation 



R. = 



R« 
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The total loss in the Oerlikon transformer was capable of being 
represented by the equation 

P/ = 3*6 + -0001075 T2^ 

Ta being the power supplied by the transformer. The following 
table, calculated from this equation, gives the efficiency of the 
Oerlikon transformer at various loads : 



T. 


Efficiency 


T. 


Efficiency ' 


Ta 


Efficiency 


1° 


•913 


1 10 


•949 ' 


170 


•957 


60 


•923 


120 


•951 


180 


•957 


2° 


•932 


130 


•953 


190 


•957 


80 


•938 


140 


•954 


200 


•957 


90 


•943 


150 


•955 , 


210 


•957 


100 


•946 


160 


•956 


220 


•957 



§ 6. Transformer Testing 

It is first necessary to ascertain whether the different circuits 
are capable of withstanding the required tension. For this purpose 
the ordinary insulation tests are of very little use. The trans- 
former must be run, for at least one hour, at a potential difference 
two or three times the normal value — (i) Between the primary 
and secondary ; (2) between the secondary and the core. 

The transformer must also be tested for rise of temperature at 
full load and on open circuit. The transformer is run either at 
full load or on open circuit till the temperatures shown by ther- 
mometers placed at different points remain stationary ; the 
temperature should not exceed 600°. 

If the temperature when running on open circuit is high, the 
reason is that either the magnetisation current is too large, or that 
the magnetic circuit is badly arranged. 

Care must be taken to observe whether the variation of tension 
at the terminals of the secondary exceeds the limits admissible for 
a transformer ; in no case should the difference of potential on 
open circuit differ from that at full load by more than 5 %. 

The next point to be determined is the efficiency at different 
loads, as well as the loss on open circuit 

The efficiencies may easily be deduced from the curves 
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obtained by the method of instantaneous contacts given in 
Chapter VII. 

Or we may employ the calorimetric method of testing. The 
transformer is placed in a calorimeter, and worked at the required 
load until the temperature of the water issuing from the apparatus 
is stationary. If Wg, expressed in watts, is the power in the 
secondary, / the weight of the water in grammes passing per 
second through the calorimeter, / the temperature of the water on 
entering the calorimeter, and /' the temperature on leaving, the 
efficiency is expressed by the equation : 

Wo 



In these tests the resistance in the secondary circuit is always 
arranged so as to be non-inductive, either by means of incan- 
descent lamps, or by means of two conductors stretched out in 
such a way that the current in one is opposite in direction to that 
in the other, or by means of a double-wound coil. The power in 
the secondary can then be easily determined by means of a dyna- 
mometer and voltmeter, or a wattmeter. 

The power in the primary circuit is more difficult to ascertain, 
in consequence of the lag between the E.M.F. and current. We 
shall investigate the various methods in Chapter VII. 

§ 7. Transformer Design 

The data are generally : 

(i.) El, the effective E.M.F. at the terminals of the primary coil 
(in volts). 

(ii.) Eg, the effective E.M.F. at the terminals of the secondary 
(in volts). 

(iii.) The power in watts in the secondary, w. 

(iv.) The load, _, for which the total losses in the copper and 
m 

iron must be a minimum. 

(v.) The frequency. 

We first determine the sections of the primary and secondary 
turns from the maximum current density admissible. The 
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density usually varies from 330 ampferes to 1,300 ampferes per 
sq. in. (The lower the density, the better is the efficiency, as weU 
as the automatic regulation.) 

As at full load the lag is practically nothing, we shall have : 

17 being the efficiency at full load, which may vary from 90 to '97, 
according to the power. 
We shall have also : 

— ^ 

If /] is the current density allowed, the sections in sq. in, of 
the conductors will be : 

Sl — -T-, S2 — 7-. 

^1 *2 

We can thus find the sections, and choose the wire or strip 
the section of which approximates most nearly to the value found. 
In the case of the section of secondary thus calculated being too 
large, it will be necessary to form the winding by means of several 
coils placed in parallel, so as to avoid Foucault currents in the 
copper. 

The resistance per unit length of the wire can easily be found 
from tables when the section is known. 

The next proceeding is to make a sketch of the transformer, 
proportioning all the dimensions to one unknown quantity. For 
example, in the case of a Ganz transformer (fig. 219) we shall ' 
determine by comparison with an existing transformer the dis- 
tance /i of the average turn of the secondary from the core, the 
distance 4 of the average turn of the primary from that of the 
secondary, and the distance 4 of the average turn of the primary 
from the axis. 

It is important to diminish 4 as much as possible, for the 
volume of the core depends on it. 

The total volume of the core will be : 

v = TT (:v -H 2/1 + 2/2 + 2/3) tn x^. 
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The volume v^ of the iron will be = 8 v 
8 varies with the thickness of the lamination and the paper 
insulation : it may be generally taken as '85. 



_ ^* i^ 1^ tj ?^ * -*/? 



L .^*3h.*l 




Fig. 219 Fig. a2o 

For a transformer of the Labour type (fig. 220) we will take, 
as before, the lengths /j, 4, 4, by comparison with an existing trans- 
former. 

The total volume of the cores, in which there is an induc- 
tion B, will be : 

Vi = 2mnx^. 

The volume of the end-plates, in which there is an induction 

-^, will be : 



/ 



V2 = 2 (a: -H /, + /a '\-/3)mp x\ 
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Of course it will be necessary to multiply Vj and Vg by 8 in 
order to get the volume of iron. 

For a transformer of the Westinghouse type (fig. 221) we shall 
refer all the dimensions to one unknown Xy and we shall have : 

Volume of iron (induction b), Vi ^s^hmo 0^, 

Volume of iron of the rest of the magnetic circuits (induction 

— ), Vj = 2 8/ (2/ + 2« + o + i)»i:c'. The maximum indue- 

tion, B, being chosen according to the frequency from the table at 

the end of Chapter I., we 

j^ S..^t^^^*il^. ^ can calculate the loss in 

watts per c.c. of iron for 

B ^^j B 













' 








\ 


,*. 


.y^.., 








i 






Fig. 321 



the values b, _ and -^- of 
/ 2/ 

the maximum induction. 

The total loss by hys- 
teresis and Foucault cur- 
rents in the transformer will 
be expressed by an equation 
of the form 

The average length, Lj 
and Lq, of a turn in each 
case is determined as a 
function of x. 



For the ring transformer (fig. 220) we shall have : 

Li = 2 (w + i) jr -I- 8 /i. 
L2=2(;w-f 1)^4- 8(A +4). 

For the Labour type we shall have the same equation. 
For the Westinghouse type (fig. 221), the two coils being 
placed side by side and being rectangular, we shall have : 

Li = L2 = 2(fn 4- 2 « + \)x. 

If the coils are rounded at the ends, we shall have : 

Li = L2 = {2 w -I- 7r(i -f n)}x. 
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We shall have, then, as a rule : 

Li = fl X -\- V 

The total length of the wire of the primary will be «i Lj, that of 
the secondary n^ Lq. 

If pi is the resistance per unit length of the primary, and ps 
that of the secondary, we shall have as the total resistances r^ and 
R2 of primary and secondary : 

Rj == «j Li pi = «, (a! X 4- ^') Pi 
Rg = «2 L2 />2 = ^2 (^" ^ "^ ^'0 P2 
But we have : 

— = — + a, 

a being the ratio of transformation. 

The transformer must be so designed that the total losses at 

the power — are a minimum ; thus we shall have : 
in 

yl- W ,_ W 

17' being a coefficient having reference both to the efficiency and 
the lag ; the value of 17' must be taken less than that of 17. 

If m is great -q must be small, for the lag increases as the load 
diminishes. 

We can determine t)' approximately from the curves of effi- 
ciency and the values of the lag in a similar transformer. 

The losses in consequence of the resistance of the conductors 
will be : 

p^^n,(a'x^b')p,{Uf 

^2' = ^(^"^ + nP2(i2')^. 
a 

The total losses in the copper will therefore be expressed by an 
equation of the form : 

p^^n,{ci''x^V'% 
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On the other hand, the general formula for transformers is : 

27rF«i 

We have (figs. 219, 220, and 221) : 
We get, therefore : 



s/ 



2 El 10'* 



= Z 



2'KY'RhmX^ x^ 

^«'=-4(«"^+^')P2(l2')'- 
OlX 

The total loss of power in the iron and copper may then be ex- 
pressed as : 

^i^ + ^i^2 f^ + 4 
X x^ 

This expression is a maximum for a value of x given by the 
equation : 

3 «! ^* + 2 ^1 jr - Ci'^- ^ — 2 ^1 x'^ = o 
3 «! ji:^ 4- 2 ^1 jir* — Ci :r — 2 ^1 = o. 

This latter equation may be solved by successive approximations 
or by constructing a curve. 

We shall then be able to completely design the transformer, 
and see whether there is space enough for the turns and insulating 
material. If there is not enough or too much space, the calcula- 
tion may be gone through afresh with new data. 

We can afterwards examine whether there would be any ad- 
vantage in choosing a maximum induction different from that 
adopted. We may assume, for example, a maximum induction a 
little higher, and see whether in this case the sum of the iron and 
copper losses is greater or less. 

If it is greater we may assume a maximum induction less than 
that chosen in the first place, and examine the effect of this 
change. 
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We shall thus succeed in reducing to a minimum the loss at a 
given load. 

We may afterwards, by means of the equations given, calculate 
the efficiency at various loads, the magnetisation current, the lags, 
and verify the value adopted for ly'. 

It is well to note whether the cooling surface is sufficient, so 
that the temperature of the iron and copper may not reach a 
dangerous value. 

We can assume a surface of 4 sq. cm. per watt transformed 
into heat. 



§ 8. Condensers 



A condenser is usually formed of a series of metal plates, 
separated by a solid or liquid insu- 
lator, which is called the dielectric. 
As fig. 222 shows, alternate plates 
are connected in parallel. 

If m is the total number of plates 
{m is always an odd number), k the 
specific capacity of the insulator, s the 
useful surface of a plate in sq. cms., 
e the thickness in cms., c the capa- 
city, we have : 




Fig. 



^ z= K ^ ^ electrostatic units ; 



^ire 



= K ^ ^ -^ C.G.S. units ; 



^ire 9'io 



= k(^-=-EI^—L,-, farads; 



4 ire 9'io'^ 



microfarads. 
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Condensers may be arranged in parallel as shown in fig. 223. 
In this case, if c is the capacity of one of the n condensers, the 

capacity of the whole is « r, and 
each one of them is subject to 
the total tension. 




If they are arranged (as in 
fig. 224) in series, the capacity 

of the whole is -, and each one of 

them is subject to the «th part of 
the total tension. 

We may also join a certain 
number in parallel, and then join 
these groups in series. 



Fig. 334 





For example, with four con- 


Fig. 


'^^ densers of i -5 microfarads we can 




obtain : 


(i) A capacity 


of 4 X 1*5 = 6 mf.— all in parallel. 


(2) 


3 X 1-5 = 4*5 mf.— 3 in parallel. 


(3) 


2 X 1*5 = 3 mf. — 2 in parallel. 


(4) 


1*5 mf. with one alone. 


(5) 


75 mf.— 2 in series. 


(6) 


•50 mf. — 3 in series. 


(7) 


•375 mf. — 4 in series. 



MM. Hutin and Leblanc undertook a complete series of experi- 
ments with condensers. In some for moderate tensions (up to 
2,500 volts) they used paraffined paper as insulator; in others 
leaves of ebonite. 

The first kind were manufactured by M. Labour, with paper 
of mediocre quality and ordinary paraffin warmed to about 70** C. 

Their capacity, measured by the ordinary methods, gave a 
specific inductive- capacity (k) of about 8. 

The residual charge was almost a quarter of the original charge. 

If the capacity was measured by the method of alternating 
currents (Chapter VII.), the value of k was found to be about 
one-third smaller than by the ordinary method. 
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These condensers, when subjected continuously to a difference 
of potential (alternating) between 1,500 and 2,000 volts, quickly 
got warm, and the paraffin melted. They began to hum, and, if 
the experiment was not stopped, they were soon destroyed. 

They then tried special paper and paraffin, but this made no 
sensible difference. They attributed the phenomena observed to 
the presence in the cells of the paper of drops of water, and traces 
of sulphuric acid left in the paraffin after refining. That is to say, 
they found that the dielectric was rendered useless by the presence 
of conducting spheres. This explains the high specific inductive 
capacity and the warming when working. 

By warming the paper several hours at the temperature of the 
dissociation of paraffin, the constitution of the paper is destroyed 
and the traces of sulphuric acid eliminated. The paper came out 
of the paraffin completely changed in appearance ; it had increased 
in thickness, and all trace of fibres bad disappeared. 

By employing this paper as dielectric the specific inductive 
capacity is reduced to 2*56, the residual charge is negligible, and 
the condenser no longer gets warm. 

This method of preparing paper is, on the other hand, very 
expensive ; there is a large quantity of paraffin decomposed, and, 
as the leaves stick to one another, they must be warmed in order 
to separate them, so that the process is difficult, and results in a 
great increase in the price of the workmanship. 

The first condensers, which were considered defective, were 
subjected to a difference of potential of 4,000 volts for a con- 
siderable period. After some time these condensers no longer 
heated, and the specific inductive capacity of the dielectric fell to 
2*56 ; Le, the condensers improved vastly. The effect of the action 
of heat for several hours was, therefore, the same as the continued 
electrical displacement which went on among the conducting par- 
ticles enclosed in the paper. 

It is possible, therefore, to obtain excellent results with paraffin 
paper, if the condensers are formed by an alternating current in 
the manner above indicated. When first put in service they must 
be watched carefully, and cut out as soon as they begin to get 
sensibly warm. 

MM. Hutin and Leblanc give the following practical rule : 
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A condenser working noiselessly is perfectly safe ; as soon as it com- 
mences to hum it is in danger. 

The formation of a condenser with paraffin dielectric shows 
that the action of alternating currents, contrary to that in the case 
of continuous currents, improves the insulator rather than 
weakens it. 

The explanation of this fact is as follows : " Under the action 
of a constant difference of potential all the conducting molecules 
enclosed in a dielectric set themselves once for all, like the ions 
and cathions of an electrolyte. These molecules tend to move 
towards one another, which they can only do by breaking a way 
through the dielectric, and thus altering its composition. 

" Under the action of an alternating difference of potential there 
is electrical displacement in the interior of the mass itself. Now 
we have never been able to send an alternating current, even of 
very small size, through a liquid without showing traces of libera- 
tion of gases. Is it not logical to assume that the same action 
occurs in the case of these conducting particles, and thus the 
gaseous products are never completely recombined ? It could not 
be otherwise, for there is no transformation of which the efficiency 
is equal to i. 

"We thus have an explanation of the fact that all imperfectly 
conducting substances, which only transmit current like an electro- 
lyte, that a dielectric may contain, will be destroyed by the action 
of an alternating difference of potential before the mass of the 
dielectric has been changed by the action of these molecules on 
one another." 

By employing ebonite as dielectric, the capacity measured by 
the ordinary method, or by the use of alternating currents, is the 
same, and the condenser does not get warm. 

MM. Hutin and Leblanc stuck the leaves of foil on the 
ebonite plates by means of Chatterton compound. The ebonite 
sheets were laid on a warm plate, when they softened and became 
quite pliant ; the foil was applied by means of an ordinary flat- 
iron. 

The thinnest ebonite plates ('2 mm. in thickness) were not 
perforated by a potential difference of i i,ooo volts, which was the 
highest the experimenters could reach. 
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Celluloid gave excellent results, but its great inflammability 
(a spark is sufficient to set it on fire) prevents it being used com- 
mercially. The variety of celluloid known as American linen gave 
the best results, but as they found ebonite very cheap they gave 
it the preference. 

When the tension at the terminals 
of the condenser is raised to any extent, 
a crackling noise is heard, and at the 
same time there is a smell of ozone. 
MM. Hutin and Leblanc attribute 
this fact to lateral discharges, due to 
the higher harmonies of the current. 
This noise may be suppressed by in- 
creasing the distance of the edges of 
the foil from those of the dielectric. 
When the tension exceeds 10,000 volts 
this distance must be at least two 
inches. 

MM. Hutin and Leblanc tried glass 
as dielectric, but when it is subjected 
to rather high tension it breaks up into 
small pieces and ruins the condenser. 

It is also possible to employ oil as 
an insulator ; but then it is necessary 
to separate the plates by a certain 
interval, so that the oil may circulate 
between them. The specific inductive 
capacity of oil varies with the temperature within wide limits. 

MM. Stanley and Molly have built liquid condensers (fig. 225) 
formed in the following way : Cones of sheet-iron are placed in a 
case, one on the top of another, and separated by insulating pieces ; 
the case is then filled with a solution of bicarbonate of soda. It 
is the polarisation capacity which is made use of, the apparatus 
being simply a liquid bath with multiple electrodes ; thus the 
condenser can only act for a moment, and its capacity varies. 
MM. Brown and Boucherot used condensers of this type to obtain 
the lag necessary to start asynchronous single-phase motors. 

The Stanley Electric Company of the U.S.A. builds condensers 




Fig. 225 
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which will stand a difference of potential of 500 volts, using sheets 
of foil separated by waxed paper. 

M. Bedell, in his experiments with the hedgehog transformer, 
used the condensers of this company. 

The I '5 microfarad condenser consisted of two parts each of 
75 mf. connected in parallel. Each of these parts consisted of 
sixty-five sheets of foil -0018 cm. in thickness. The waxed paper 
was '0113 cm. in thickness; the useful part of the plates was 
26*67 cms. long and 20*32 cms. broad. 

From the specific capacity of the insulator we have : 



^tfio*" ,__ '75 X •0113 X 10 



<?io*' 

10 



1^ j;^ 

884 (w — i)s 884 X 64 X 26*67 X 20*32" 

M. Bedell employed in his experiments six condensers of 1*5 mf. 
As the tension was about 1,000 z;., and as the condensers would 
not stand more than 500 z;., it was necessary to arrange at least 

two in series ; he could obtain a capacity of from -^ = '25 
to 3x15^ ,.,g. 

2 

The commercial condensers of Swinburne are formed of leaves 
of foil, separated by several layers of thin paper. The whole is 
then placed in a case full of oil, and warmed to expel the 
moisture. A vacuum is then produced in the case to extract the 
air, and it is hermetically sealed. 

There are always in a condenser, beside losses due to leakage, 
bad insulation, &c., a loss due to the dielectric itself. The power 
supplied is always greater than the power delivered, on account 
of a kind of hysteresis analogous to magnetic hysteresis. 

Curve fig. 226 was obtained by M. Bedell. The abscissae 
represent the instantaneous values of the E.M.F., and the or- 

donnates the corresponding charge, q ^\idt. It will be seen 

that the curve is similar to that for magnetic hysteresis; the 
surface enclosed is proportional to the loss of power. 
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With a current of a frequency of 140 the loss was 4*4 watts, 
corresponding to an efficiency of 96*9 per cent. 
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Fig. 336 

Condensers may be of large capacity and work by means of 
transformers on a low-tension circuit, or of small capacity and work 
in the high-tension circuit. In the two cases the energy stored 
may be the same — ue, the condenser may produce the same 
effect. It is difficult at the present time to give the preference to 
either system from the point of view of the prime cost, as con- 
densers are employed very little commercially. 
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CHAPTER IV 

DIRECT TRANSFORMATION OF A CURRENT OF ONE SYSTEM INTO 
THAT OF ANOTHER 

§ I. Comparison of the Different Systems from the 
Point of View of the Conductors 

The loss in the line wires, in relation to the loss in the case of a 
single-phase current, due to the same maximum E.M.F. at the 
generator, for an equal weight of metal used is : 

loo % for biphase currents with separate return wires. 

73 % for biphase currents with common return wires. 

25% for triphase currents with the double-star method of 
connection. 

75 % for triphase currents with the double-triangle method of 
connection. 

25 % for triphase currents with the star-and -triangle method 
of connection. 

75 % for triphase currents with the triangle -and-star method of 
connection. 

In the case of single-phase current the maximum tension 
between the two conductors is equal to the maximum tension of 
the generator, but in the case of polyphase currents the difference 
of potential between two conductors may be considerably greater 
than the E.M.F. of the generator. 

Suppose that e is the greatest allowable difference of potential 
between any two conductors (in the case of single-phase current 
E will be the E.M.F. of the generator) : 

(i) In the case of biphase current with separate return wires 

the maxirftum allowable E.M.F. of the generator will be -S-. 
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Consequently, for the same power transmitted the line losses will 
be double those for single-phase current. 

(2) In the case of biphase currents with common return wires 

the maximum allowable E.M.F. of the generator will be -^. 

sj 2 
Consequently, for the same power the line loss will be 1*46 times 
that for single-phase current. 

(3) In the case oitriphase currents with star method of connection 
the greatest permissible E.M.F. of the generator is -^. Con- 

sequently the line loss will be 75 % of that with single-phase 
current. 

(4) In the case of triphase currents with triangle method of con- 

nectiony the greatest allowable E.M.F. of the generator is — . 

3 
Consequently the line loss will be 675 times as great as for single- 
phase current. 

Summing up, if we compare the weight of the conductors for 
the same loss of power' in the line with the weight in the case of 
single-phase current, we have as the weight of conductors (the 
weight for the conductors in the case of single-phase currents being 
100) : 

I. Employing the same tension at the generator — 
For biphase currents with two return wires, 100. 
For biphase currents with one return wire, 73. 
For triphase' currents with triangle mounting, 75. 
For triphase currents with star mounting, 25. 

II. Employing the same difference of potential in separate 
circuits — 

For biphase currents with two return wires, 100. 
For biphase currents with one return wire, 146. 
For triphase currents with triangle mounting, 225. 
For triphase currents with star mounting, 25. 

III. Employing the same difference of potential between any two 
conductors — 

For biphase currents with two return wires, 200. " 
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For biphase currents with one return wire, 146. 
For triphase currents with triangle mounting, 675. 
For triphase currents with star mounting, 75. 

§ 2. Transfbrming of Currents 

The transforming from one system to another may always be 
effected by using a motor which drives a generator producing the 
required currents. If necessary, the motor and generator windings 
may be superposed on the same armature. In the following section 
we shall describe special devices for effecting a direct transfor- 
mation. We shall be able by means of these devices to transform — 

(i.) Continuous into single-phase alternat ecurrent, and vice 
versa ; 

(ii.) Continuous into polyphase currents, and vice versa ; 

(iii.) Single-phase current into polyphase currents ; 

(iv.) Triphase currents into biphase, and vice versa. 

§3. Tranflformation of Continuous Current ioto Single- 
phase Alternate Current, and vice-versa 

The Solignac Periodiser.— As a shunt to the primaries of two 
transformers, Tj and Xg, connected in series, are placed resistances 
^i> ^2> ^3> &c. (fig. 227), of which the ends are joined by means of 
brushes di and d^ to the revolving commutators Aj and Aq, which 
are fixed on the same spindle. The metal part of these commu- 
tators (shaded in the figure) are joined up to the dynamo d by 
means of the brushes b^ and Bj. 

If the two commutators are in the position shown in the 
figure, and it is easy to see that the current coming from the dynamo 
D will pass directly through a diBi c, on reaching c the whole 
of the current will pass through the primary of T2, since the brushes 
^2 are insulated ; while practically no current will traverse the 
primary of Xj, which has considerable impedance. 

When the commutators have turned through a certain angle 
the first brush, ^1, will touch the insulating material, and the 
current at a will be divided between the primary of x, and the cir- 
cuit a Bi c, which has a resistance r^. At this moment the bottom 
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brush ^2 of the commutator A2 will be upon the metal portion, 
and the current at c will be divided between the primary of Tj 
and the circuit c b^ b^ d. 



iL + 




Fig. 237 

It will be seen, therefore, that as the commutators revolve, the 
current in the primary of Tj increases in proportion as the current 
in the primary of Tg decreases. This will be the case till all the 
brushes d^ are on the insulated portion, and then the total current 
will pass through the primary of t^, whilst the primary of Tg is 
short-circuited owing to all the brushes ^2 being on the metal 
portion of the commutator. After this the current in the primary 
of Ti will diminish, whilst that in the primary of Tg will increase. 

By placing the primary circuit current reversers i^ andi2, which 
alter the connections each time that the current passes through 
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the value o, the secondaries are traversed by alternate currents. 
The theoretical curves for these currents are represented in 
fig. 228, one as a full line, and the other dotted. 

M. Hospitalier has conducted tests of the efficiency of this 
machine, and has obtained the results in the table below. The 
powers p^ Pi, Pj in this table are expressed in arbitrary units ; 
the total power was almost 14 k.w. In these tests no account 
was taken of the power necessary to rotate the commutators. 




Fig. aa8 



To sum up : in this system the ampere turns of the transformer 
are varied by altering the value of the current, whilst in the Hutin 
and Leblanc system the ampfere turns are varied by altering the 
number of turns. 



Number 
of the 

experi- 
ment 


Power 
supplied 

to the 
machine, 


Power 
delivered 

by the 

machine, 

p, 


Efficiency 
Pj^ 

PO 


Power 

delivered 

by the 

transformer, 

P> 


Efficiency 
of the 
whole 


Speed of the 
commutators 


I 

2 

3 
Average 


145 
141 

142 
142-6 


135 

131 

133 
133 


•93 

•93 

•936 
•932 


114 

"3 

114 
113-6 


-78 

•80 

•805 
796 


r 1,120 

1 1,150 

/ 1*130 
11,170 
( 600 
t 620 



The reversing transformer of Felix Lucas, engineer-in-chief of 
bridges and highways, allows of giving to the alternate current a 
frequency which only depends on the number of revolutions. 

Two copper discs, a and b (fig. 229), insulated from each 
other, are fixed on one spindle. Each of these discs has a 
cylindrical boss (see section), and is divided up into a certain 
number of metallic sectors of equal width, separated by intervals 
of the same width. The two discs, placed face to face and 
insulated by ebonite, are arranged so that the sectors of one 
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correspond to the intervals of the other. The ebonite piece 
which insulates the two discs carries projections which fill up 
the intervals between the sectors ; this ebonite piece also 
insulates the bosses from the spindle. The whole forms a large 
disc with copper bosses on either side ; when rotated the periphery 
presents a regular alternation of copper and ebonite bars on either 
side of the ebonite in the centre. 

Fig. 229 gives the plan of connections. Thje two discs are there 
represented as detached from one another and in the same plane. 
Each disc carries fifteen copper sectors and fifteen ebonite sectors, 
the ebonite being represented by the shaded part. 




Fig. 229 

On the periphery two brushes, m n and p q, rub ; these brushes 
are connected as shown in the figure. The continuous current, 
supplied by a dynamo or battery of accumulators s, is conveyed 
to the metal bosses of a and b by two brushes, which are joined 
respectively to the positive and negative poles. 

In the position shown in the figure, as the brushes m and q 
are joined to s, while brushes n and p are insulated, a current 
traverses the external circuit in the direction of a b. When the 
discs have advanced one division (^^^ of a revolution) the case is 
reversed : p and n are joined up to s, whilst m and Q are insulated, 
so that jthe external circuit is traversed by a current in the 
direction b a. 

It will therefore be seen that on rotating the disc an alternating 
current is sent through the external circuit. If n is the number 
of revolutions per minute of the disc, n the number of copper 
sectors, the frequency of the current will be n «. It is necessary 
that the bearing surface of the brushes on the disc should be 
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small, so as to only make contact with two brushes at a time, for 
when the four brushes are in contact with the copper sectors at 
the same time the current generator is short-circuited. By 
modifying the arrangement, as is shown in fig. 230, the brushes 
may have a larger bearing surface. 




Fig. 330 

The copper sectors correspond to an angle of — , and the 

3« 

ebonite sectors to an angle of ^T . The brushes have an angular 

^^ 
bearing surface of — (in the figure « = 10, i-^ =6°), and are 

arranged so that when m is in the middle of an ebonite sector 
N and p are in the middle of a copper sector, and q in the middle 
of an ebonite sector. The short-circuits are then instantaneous, 
and take place when one of the edges of each brush corresponds 
to the line of separation of a copper and an ebonite sector ; this 
occurs simultaneously for all four brushes. 
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Fig. 231 

The alternating current thus produced is not sinusoidal 
theoretically (that is to say, supposing the short circuiting is 
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instantaneous, and neglecting the influence of self-induction) : it 
is represented by the curve in fig. 231. The effective current and 
the mean E.M.F. are equal to those of the continuous current 
from which it is derived. 

By adding. 2 »? pairs of twin brushes, retarded behind each 

other by - th period, it is possible to produce m currents retarded 
m 

— th period behind one another, i.e. polyphase currents may be 
fit 

generated. 

The triphase system is particularly interesting ; it is easy to see 

that if the centres of the stars are joined to the ends of the 

circuits an alternating current of the same nature traverses the 

wire which joins them ; this current, however, although it has the 



! 
! 
! 

^-, ^-n 

I 
I 



Fig. 232 

same value as each of the partial currents, has three times as many 
periods. (In the case of true sinusoidal currents there is no 
current in this wire.) We thus obtain easily a three-fold frequency, 
which is of importance in certain cases. The curve of current 
is shown in fig. 232. 

M. Felix Lucas has had built by the Sautter-Harl^ firm two 
transformers, one after the pattern of fig. 229, with fifteen copper 
sectors, and the other after the pattern of fig. 230 with ten. 

In the first transformer the brushes were arranged in a special 
manner. The double brush was composed of a copper cylinder, 
one inch in diameter, which rolled on the periphery of the discs. 
Each of the two parts m and p of the cylinder was insulated from 
the other, and both were a little greater in breadth than the disc. 

This double brush rotated in contact with the discs, and the 
current from either half was collected by gauze. brushes. 
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Each of the two transformers could be driven by a little 
Gramme motor, running at 2,000 revolutions per minute. 

The frequency of the current from the first transformer was : 

2000_Xi5^ 

60 ^ 



Of the second : 

2000 X 10 
60 



= 333- 



M. Lucas states that the continuity and invariability of the 
current taken from the generator were almost perfect, when either 
single-phase or polyphase currents were being produced. In the 
case of polyphase currents the theory of the three-fold frequency 
of the current in the wire joining the centres of the stars was 
confirmed practically. 

By sending the alternating current from either of the trans- 
formers through the primary of a Ruhm-Korff coil (the trembler 
being fixed), an alternating current of the same frequency but of 
higher tension was produced, by means of which a Geissler tube 
could easily be incandesced even when only one of the terminals 
was connected to one end of the tube. 

The transformer with metallic sectors equal to the ebonite 
sectors allows, for the same diameter and speed, of a greater 
frequency than the other type. The two discs may be simply 
insulated from one another by air without interposing any ebonite ; 
they may consist of a metallic wheel, the periphery of which is 
notched and the spaces filled up with insulating material. 

M. Lucas makes the following calculation. Suppose the 
discs are 40 inches in diameter — i.e. 125 inches in circumference, 
and have 314 teeth about \ inch in width. If the discs revolved 
at a speed of 32 revolutions per second, the frequency would be 
10,000. By giving each disc a breadth of 4 inches, 50 amperes 
could be collected by one system of twin brushes (M. Lucas 
states that 5 amperes per -4 inch in width may be collected with- 
out sparking if the brushes are carefully set) ; but as it would be 
possible to employ simultaneously twenty systems of twin brushes 
connected in parallel, 1,000 amperes at a frequency of 10,000 
could be collected. 
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Apparatus of M. FoUak for Transforming Single-phase 
Alternate into Direct Current. — The alternating current is used 
to charge a battery of accumulators, and the direct current is 
taken from these. 

The apparatus consists of a commutator, fixed on the spindle 
of a little synchronous motor. This commutator is provided with 
as many bars as the motor has poles. 

In fig. 233 the motor has eight poles and the commutator eight 
bars. Bars i, 2, 3, 4 are connected to one another and to one of 
the poles of the battery of accumulators ; the other four bars, 5, 
6, 7, 8, are connected to the other pole. Two pairs of brushes, 
c d and ef^ make contact respectively with two consecutive bars 
of the commutator ; the pair of brushes c d are connected to one 
end of the alternating circuit, and brushes ef\.o the other end. 




Fig. 234 



As the commutator has as many bars as the motor has poles, 
it will be evident that a rectified current will flow through r and s. 
If the bars were separated by a very small space, or if the brushes 
were set in such a way as to make the time very short during which 
the contacts were broken, a rectified current would be produced 
with curve as shown by the upper part of fig. 234. If the E.M.F. of 
the battery is represented by the straight line a h^ it will te seen that 
if the circuit was kept closed all the time the battery would discharge 

s 
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into the alternating circuit during the intervals a' ^, d! h\ &c. 
To remedy this defect, the commutator bars are separated from 
one another by a certain interval, and it is only necessary to move 
the brushes in order to regulate the time during which the 
alternate circuit is open. This time is determined practically by 
shifting the brushes until there is no sparking, for at the right 
moment the two E.M.F.'s must be equal. 

When the E.M.F. curve is sinusoidal, it will be noticed that 
the times during which the circuit is open are relatively large, and 
that the E.M.F. varies very much during the time that the circuit 
is closed (from d c \.o g! g), which has a bad effect on the life of 
the accumulators. 

M. PoUak has overcome this difficulty by altering the shape of 
the curve of the alternator, by sending the current through a 
transformer the core of which is almost saturated. In this way a 
curve, represented by the lower part of fig. 234, is obtained ; the 
intervals during which the circuit is open are shorter, and the 
variation in E.M.F. while the circuit is closed is much less than 
in the case of a sine curve. With this type of curve it may 
happen that the part (fi Oi may not be equal to the part Oih\ ; 
it is for this reason that the brushes are duplicated, so as to 
permit of exact regulation of the intervals of open circuit. 

In the apparatus that M. PoUak used for his experiment, the 
commutator, of ring shape, had eight segments and eight pairs of 
brushes : brushes such as d and / were shifted simultaneously by 
a common rocker. A Siemens alternator supplied current to the 
motor, which ran at 300 revolutions. The rectified current was 
taken from the secondary of a, little transformer with saturated 
core (the ratio of transformation being i), and the primary was 
traversed by the current from the alternator. 

The battery of accumulators consisted of 24 cells, and had a 
capacity of 500 ampere hours. A reversing switch arranged for 
the changing of the connections, so that the E.M.F. of the recti- 
fied current should be in opposition to that of the cells : the direc- 
tion of the E.M.F. was determined by means of incandescent lamps. 

In the primary circuit of the transformers there were 62 volts 
and 50 ampbres, and in the charging circuit there were 60 volts 
and 40 amperes. The synchronous motor absorbed 100 watts. 
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§ 4. Transformation of Continuous into Polyphase Currents 
and Vice-versa 

Hutin and Leblanc's Transformer. — ^The first trial of this 
transformer took place between La Chapelle and Epinay. At the 
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Fig. 235 



generating station at La Chapelle, a continuous current machine 
was installed, giving 100 amperes at 160 volts. The transformer 
for converting the continuous current into polyphase currents 

S2 
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was formed as shown diagrammatically by fig. 235 and in per- 
spective by fig. 236. 

A little synchronous motor (represented for greater simplicity 
in the figure as being bipolar) carries on its spindle a commutator 
A, with as many segments as there are primary coils on each of the 
cores of the polyphase transformer (in the figure there are six). 

As for a moderate frequency the synchronous motor, if bipolar, 
would have too great a speed, a multipolar motor -is generally 
used ; if this motor has 2p poles, the commutator has np bars, 
n being the number of primary coils on each core. 




Fig. 236 



The motor spindle also carries six insulated rings, each of 
which is connected to one of the commutator bars (or to/ bars 
in the case in which the motor has 2p poles). The motor is 
excited by current from the continuous generator. When the 
motor revolves at N revolutions per minute the circuits of the 
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secondary coils (connected in star fashion) are traversed by 
currents differing in phase by — and with a frequency f =./ J^, 

if the motor has 2/ poles. 

The variation of the currents in the secondary coils of the 
transformer is effected by the device of varying the number of 
turns of the primary coils. It will be seen from the figure that 
the six coils on each core of the transformer are of sizes varying 
according to the sine law. As these coils are successively con- 
nected to the generator of continuous current by means of the 
six rings and the commutator a, the induction in the core will be 
such as to produce a sinusoidal current in the secondary coil of 
the transformer. The three series of primary coils on the three 
cores of the transformer are arranged in such position as to 

produce a retardation of — in the respective secondary coils. 

The receiving apparatus at the Epinay station is arranged in 
an exactly similar manner, the current taken from the commutator 
being used to charge accumulators. 

The exciting currents of the two synchronous motors are so 
regulated as to annul the current lag, both in the six primary 
circuits at La Chapelle and the six secondary circuits at Epinay ; 
consequently the commutators do not spark. 

At the Epinay station the transformer is used to charge a 
battery of 64 cells with 9 plates. This battery lights 60 incan- 
descent lamps of 10 c.p. 

The frequency is about 55 ; it was intended to use a frequency 
of from 80 to 100, but with the apparatus used maximum efifi- 
ciency was obtained for a frequency of 55. The tension in the 
line, with respect to earth, varied from 4,300 to 4,975, ^h® 
maximum current being i -96 ampferes. 

In February 1894 the tests given in the accompanying table 
were made. The power supplied and delivered was measured by 
Aron meters, carefully calibrated. The efficiency increased with 
the power and reached 85*6 %. If the engine had been large 
enough to give the full output of the generator the efficiency 
would have been higher. 
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75*4 


3 


170 


52 


269 


22-3 


82 


79 


2 


155 


47 


i6-5 


12-7 


79 


741 


3 


200 


60 


28-3 


23-6 


82-3 


8o-6 


3 


150 


54 


139 


II-8 


85 


8o-5 


2 


180 


54 


9-8 


8-1 


81-5 


76-3 


2 


160 


67 


19*6 


17 


86-7 


82.4 


2 


155 


60 


1537 


127 


84 


8o-6 


4 


200 


60 


33-5 


30 


?9 


85-2 


li 


155 


" 57 


ii-S 


lO'OI 


87 


79-6 


3 


198 


57 


28-3 


24-07 


847 


83-1 


2 


170 


56 


26-8 


233 


85 


82 


2 


165 


50 


24*2 


19-5 


81 


78-5 



The excitation of the motor at La Chapelle absorbed -085 k.w. 
and that of the motor at Epinay '236 k.w. The rough efficiencies 
are the ratio of the kilowatts in low-tension direct current at 
Epinay to the kilowatts in low-tension direct current at La 
Chapelle. The net efficiency is equal to the above minus the 
excitation of the Leblanc motors at La Chapelle and Epinay. 
The E.M.F. on the line varied from 4,800 to 5,500, and the 
current from -8 to 1*5 ampere. The distance through which the 
power was transmitted was about five miles. 



§ 5. Transformation of Single-phase Currents into Poljrphase 

There are several ways of transforming single-phase into poly- 
phase currents. 

(i.) By means of two shunted circuits. In the Tesla system, 
the time constants of the t^o circuits are very different in con- 
sequence of the different self-induction of the two circuits. 

In the Hutin and Leblanc system, the retardation of the 
current in one circuit behind that in the other is obtained by the 
use of condensers. 

(ii.) In the Ferraris system, the single-phase current traverses 
one circuit while the other has an induced current in it. 

(iii.) The single-phase current may be sent through the primary 
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of a transformer with two secondaries which furnish biphased 
currents. 




Fig. 237 



264 ALTERNATE CURRENTS 

(iv.) By means of a condenser transformer. 

The apparatus of M. D^sir^ Korda allows of the transforma- 
tion of single into triphase currents. It consists essentially of a 
transformer with three cores Tj, T2, t, (fig. 237) and of a coil 
with a variable coefficient of self-induction. 

The circuit of the single-phase current is divided at a and b, 
and the two branches have the same resistance r. 

Suppose that in the branch (2) we place a coil, the coefficient 
of self-induction of which fulfils the condition : 

-— = V 3 = tan 60^. 

The instantaneous value of the current in branch (i) being : 

/. =— sin K/, 

R 

that of the current in branch (2) will be : 

H = , ^ ., ,, sin (k/ - ^) 
= -^sin(K/- 60°). 

2 R 

By winding branch (2) n times on the core Xg, and branch (i) 

2 times on the core Xi in the opposite direction, we shall get two 
2 

magnetic fluxes. 

That of the core Xi will be represented by the expression : 

^1 = ^0 sin K t, 

and that of the core Xa by : 

^2 = — ^o sin (k /— 60°) 
= ^o sin (k / — 240°). 
By winding on the third core X3, the branch (2) n times, and 

the branch (i) - times, but in the opposite direction to the windings 
2 

on Xi and X2, the flux in the core of x, may be represented by the 

expression : 

^3 = — ^i _ $2 =r ^ (sin (k / — 60°) — sin k /} 

= 4>^sin(K/— 120°). 
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We have therefore three fluxes of the same maximum intensity, 
retarded behind one another by one third of a period. By pro- 
viding each of the cores with a secondary coil, we can collect 
triphase currents. One end of each secondary coil may be joined 
at o, which will be the centre of the star. If o is connected to 
the symmetrical point o' or to Earth (o' being in that case also 

K L — 

connected to Earth), so long as the condition — = >/ 3 is fulfilled 

np current will circulate in this wire. 

As long as this transformer works at full load transformation 
takes place in the usual way, and the retardations are theoretically 
correct ; but as soon as the load diminishes such is no longer the 
case, and the lags are far different to the theoretical quantities. 



§ 6. Transformation of Triphase into Biphase Currents 
and vice-versa 

The apparatus effecting this transformation is due to Mr. 
Scott, who described it at a meeting of the National Electric Light 
Association of Washington. 

lA B C 




1 .turns 

AA^AAAAAA/| 



an ' turns 



Fig. 238 indicates the principle of this apparatus, which is 
formed of two transformers t and t'. 

The three circuits are connected in star fashion, the point o 
forming the centre ; in the circuits d e and f g two currents 

circulate differing in phase by an angle Z . 
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The flux in the transformer t' may be expressed by the 
equation : 

^'ss^.sin ^KZ + i^y 

The transformer t having '577 « turns for each of the currents, 
instead of n turns as in t', the flux may be represented as : 

* = "577 ^^ I sin f k / + — ^ — sin k/ j 
= X sin ( K / + ^) 
X sin <^ = 5 77 ^, sin 15 = -5 ^^ 

X cos <^ = 577 ^^ f cos 15 - i'\ = - 865 <l>, 

X=s* 



\^VW\VW\A/1 NAAAAAAAA/ 

0,57711' 1 osiin' I n' turns 



turns turns 



B' 

Fig. 339 



As the sine is positive and the cosine negative we get : 



<t = i5o° = y. 
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We shall have then : 

* = xsin(K/ +<^) 
=:^,sin ^K/ + ^Y 

The two fluxes have the same maximum value, and the lag is 

-£w-__5j__87r_5ir_3j7r_5 
3 6 5" 6 6 2 ' 

The secondary currents therefore differ in phase by 180°. 
This system may also be used for a step-up transformer of 
triphase currents, as is shown in fig. 239. 
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CHAPTER V 

DISTRIBUTION MAINS 

§ I. Effectiye Resistance of Conductors of Circular Section 

If Ra is the resistance of a copper conductor to an alternating 
current, t,e, its effective resistance, r^ its ohmic resistance, ue, for 
continuous current, d its diameter in cm., n the number of 
cycles of the current per second, we have sufficiently, ap- 
proximately, for practical purposes, 

R«=R^(i + 7'5^*n2 10-5^). 

The increase of resistance is, therefore, proportional to the 
fourth power of the diameter and to the square of the frequency. 

M. Hospitalier has calculated a simple and concise table 
which may be applied to all diameters of wire, for all the fre- 
quencies and the different resistances of the metal used. 

We have Ra = k r^. Lord Kelvin states that for a wire of a 
given substance, k is proportional to the product of the square of 

the diameter into the frequency M^ - • 

The table below gives the values of k for copper for the differ- 
ent values of (^-)> d being expressed in cm. and - being 
the frequency per second. 



T 


K 


T 


K 


d^ 


K 




20 

80 

180 

320 

500 


I-OOOO 

I-oooo 

I-OOOI 

1-0258 
1-0805 
I -1747 


720 
980 
1,280 
1,620 
2,000 
2,420 


I -3180 
1-4920 

1-6778 
1-8628 

2-0430^ 
2-2190 


2,880 

5,120 

8,000 

18,000 

32,000 


2-3937 
3-0956 
37490 

5*5732 
7-3250 



DISTRIBUTION MAINS 



269 



It will be sufficient, therefore, in order to find the eflfective 
resistance of a given wire, to calculate the value of the product 

— and take the corresponding value from the table (interpolating 

if necessary). 

If the specific resistance of a metal other than copper is less 
than 1*597 C.G.S. units, and if its magnetic permeability is equal 

to I (which excludes iron, steel and nickel), the factor — must 

be multiplied by-i^zZ, s being the specific resistance of the 

metal in C.G.S. units. 

When the factor— exceeds 32,000 the effective resistance may 

be determined sufficiently accurately by calculating the resistance 
of a solid conductor equal to that of a tubular conductor of the 
same external diameter as the original conductor, of which the 
thickness is : 6*38 >/t cm. 



§ 2. Influence of Heat and Cold 

The ohmic resistance of the copper increases with the tempe- 
rature. For average temperatures, we can assume that if r is 
the resistance at f the resistance Ri at /i° is : 

Ri = R (1-00388) ''-'• 

The following table gives the coefficient of the increase in 
resistance of copper for temperatures increasing by 5® at a step. 

A wire of pure annealed copper i mm. in diameter and i m. 
in length has a resistance of '02034 ohm at o*' C. (Matthiessen). 



Difference 




Difference 




Difference 




of 


Coefficient 


of 


Coefficient 


of 


Coefficient 


temperature 




temperature 




temperature 




5 


1-0196 


35 


I -1453 


. 65 


1-2863 


10 


I -0395 


40 


1-1636 


70 


1-3114 


15 


1-0598 


45 


I -1904 


75 


1-3371 


20 


I -0806 


50 


I -2137 


80 


1-3663 


25 


I-IOI7 


55 


1-2374 






30 


1-1232 


60 


I •2616- 
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The copper usually employed for electrical conductors has a 

conductivity of 98 per cent, of that tested by Matthiessen, so that 

the resistance at o'' of a wire of i mm. diam. and i metre in 

length is : 

100 . 

r = '02034 — ^ = '02075 ohm. 
98 

The resistance at 0° of a wire d mm. in diam. and i metre in 
length will be : 

-02075 

and that of a wire of s (mm.)^ section \J^ — = s j 

'01629 

"" s 



The resistance at o** of a wire / metres in length is ; 
At 27° the resistance is : 



^ _ -02075 ^_ '01629 ^ 
d^ s 



d^ s 

In practice we generally take as the values of r : 
'022 , '018 , 

for conductors, and for wires on the coils of apparatus : 

•025 , '02 , 

a* S 

It must be remembered when applying these formulae that r 
is expressed in ohms, / in metres, d in mm., and s in (mm.)^. 

The sections of different conductors are determined, as we 
shall see further on, either from the point of view of economic 
working, or so as not to exceed a certain line loss. When the 
section of the conductor is thus determined, it is necessary to 
verify that it is not too small, i,e, that the resistance is not too 
high ; otherwise the metal might reach too high a temperature, 
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which would have the double disadvantage of increasing the 
resistance of the conductor considerably and diminishing that of 
the insulator. 

In fact the power lost in consequence of the resistance r of a 
conductor is r i^, i being the effective current ; this work is 
transformed into heat, and, unless the wire is cooled, it would not 
take long to melt it with a very small current. 

Cooling takes place by conduction, radiation, and convection. 
As the loss of heat by cooling increases with the temperature of a 
body, it is evident that a conductor traversed by a given current 
and placed under given conditions will, at the end of a certain 
time, reach a fixed temperature. 

In order that the insulator may not deteriorate, this tempera- 
ture must not exceed a certain limit. The Committee of the 
Institution of Electrical Engineers has formulated the following 
practical rule : * The temperature of a conductor traversed by a 
current double that of the normal value should not exceed 65'' C.' 

As the rise of temperature varies very nearly in proportion to 
the square of the effective current, and as we can assume the 
temperature of the air to be 25° C , this rule practically allows in 
the conductor a rise of temperature of 10° when traversed by the 
normal current. 

It is, then, of importance to be able to determine beforehand 
the temperature of a conductor under given conditions ; unfor- 
tunately there is a want of practical data, the only conclusive 
experiments being those undertaken by Kennelly in 1889, which 
dealt with the cooling — 

(i.) Of insulated conductors placed in wood casing. 

(ii.) Bare wires inside houses. 

(iii.) Bare wires in the open air. 

The insulated conductors in wood casing cooled to a certain 
extent by conduction ; wheji the casing is sufficiently warm 
radiation and convection also occur. 

Kennelly found that the rise of temperature varies very nearly 
proportionately to the square of the current for a given wire, and 
that for a given rise of temperature the square of the current 
varies in the same proportion as the cube of the diameter of the 
wire. 
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Kennelly has given the following formula for a wire of d mm. 
in diameter, traversed by a current of i ampfere so as to fulfil the 
rule of the Electrical Engineers. 

^=•374^7* ^ = -052313 

I = 4*375 n/^- 

We have seen above that the copper usually employed has at 

the temperature of 35'' C. (25° + 10°) a resistance r = -^— per 

metre. 

If we introduce r into the formula, we have : 

^' = -o523i«R:^, 

or d > 2*2 Ri^, 

a formula which may be used in the case in which the effective 
resistance of the metal would be different from that of the copper 
generally used either on account of its specific resistance or in 
consequence of the use of alternating currents. 

In the case in which the conductor is a bare cable, d repre- 
sents the external diameter in mm. and r the resistance per metre 
length. 

The external surface of the cable is per metre : 

S^ =S 1000 IT d. 

We shall then have from the preceding formula : 
s^ = 1000 TT 2 '2 R i^ = 6912 R i^, 

s^ being expressed in sq. mm. 

If s/ is the external surface of the conductor per metre length 
in sq. cm. we have : 

S/ = 69*I2RI^ 

R being the effective resistance per metre. 

R i^ represents the number df watts lost per metre ; the external 
surface must therefore be 69*12 sq. cm. per watt transformed 
into heat. 

There are no experiments with reference to the cooling of 
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underground cables, which takes place by conduction and 
convection. 

If the cable is concentric, r i^ represents the loss in both lead 
and return conductor. 

Let us take a Ferranti concentric cable, which we shall 
describe further on. It is composed of two tubular conductors 
of copper, one inside the other, with insulation between. The 
cable for a current of 250 ampbres (effective) has a resistance of 
2 ohms per kilometre (lead and return) or '0002 per metre ; the 
power lost in heat is then : 

Ri^ =s '0002 X 250^ = 12*5 watts. 

The external diameter of the cable is 49 mm., thus d = 49, 
which gives a surface of 100 x w x 4*9 = 1*529 (cm.)^ per 
metre run. 

The external surface is therefore -5^ = 122 sq. cm. 

12-5 

If we adopt the same value for all underground cables we 

must have : 

s^= 12200 RI^, 

s^ being expressed in sq. mm. As s^ = 1000 tt ^ we must have : 
d> 3-88 Rl2. 

Bare wires inside houses cool by radiation and convection. 
Kennelly found that for an excess of temperature of a wire of 10*' 
or 1 5° above the atmosphere, the diameter of the wire must satisfy 
the condition : 

Ri2= -0175 ^/-h -175/, 

/ being the difference of temperature, d the diameter in mm., r 
the effective resistance per metre in ohms, and i the effective value 
of the current in amperes. 

For bare wires in the open air we must have : 

ri^ = -1175^/ +*i75/. 

If the conductor is formed of several strands we cannot take as 
the total section the section of the whole, which is greater than 
that of the wires which form it. 

T 
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Each wire, in consequence of the twist, is longer than it would 
be if stretched taut. The length of the wire, according to the 
method of stranding, varies from 1-05 to 1*28 metre per metre 
length of the cable. 

Ifr is the resistance per metre of one of the n wires forming 
the cable, the resistance of the cable will be : 
p^ ^(i'o5toi-28) 
n 

The ohmic resistance of the cable is greater than that of a 
straight wire, having for section n times the section of one wire, 
but the effective resistance will generally be less, as we have seen, 
than that of the corresponding single wire of equal section. 

§ 3. iDflnenoe of Capacity and Self-indnotion 

The equations relative to capacity uniformly distributed along 
a cable are very complicated, and unsuitable for ordinary purposes. 
We shall therefore assume that in practice the capacity is concen- 
trated at certain points. 

In armed cables with one conductor we may suppose the 
capacity replaced by a condenser inserted in the circuit. Practi- 
cally no current circulates in cables with one conductor (lead and 
return) when the circuit is broken at one end. When the circuit 
is closed the capacity comes into play, and may annul the effects 
of self-induction in the alternators and transformers or produce a 
rise of potential. 

Concentric cables may be compared to a circuit as a shunt to 
which is connected a condenser of capacity c equal to the total 
capacity between the inner and outer conductors of the cable. 

If R is the effective resistance of the cable, l the coefficient of 
self-induction of the generating portion of the circuit, d the total 
capacity of the cable between outer conductor and the arming, 
r and / the effective resistance and coefficient of self-induction of 
the portion of the circuit in which the power transmitted by the 
cable is utilised, we have, representing by i the maximum current 
circulating in the cable : 



— , = K2r*^2^(K2^/- i)2. 



DISTRIBUTION MAINS 275 

The intensity x of the current circulating in the receiving 
apparatus will be, according to the values of k, r, r, and /, smaller 
or larger than that of the current in the cable. The capacity in 
farads per cm. length of the cable is given by the equation : 



^ = 



18 X lo^^x log„C2, 
^\ 

ri and r^ being respectively, in a cable with one conductor, the 
interior radius of the arming and the external radius of the 
conductor. 

In a concentric cable, to get the capacity between the inner 
and outer conductors we must take for r^ the interior radius of 
the outer conductor, and for r^ the exterior radius of the inner 
conductor. 

The capacity in farads is 

-- 100 K / _ k/ 

i8xio»Uog„^2 iSxio^log^^' 

/ being the length of the cable in metres. 



As log» ^ = 2*3 log ^ we have : 



c = farads 

41*40 X lo^Xog^ 

K/ . 

= -^-Z 

41*40 X lo^log^^ 

K is the specific inductive capacity of the insulator; this 
coefficient is often diflferent from that obtained for a continuous 
current. 

MM. Salford and Halmann give the following values for k in 
the case of an alternating current ; 

T2 
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Petroleum (Brook's system) . . . k = i '6 

Caoutchouc k = 37 

Solid paraffin =2-0 

Cotton soaked in paraffin in a vacuum . =2*0 

Cotton soaked in boiling paraffin . =2*0 

Artificial gutta-percha (Gwin) . . . =4*2 

Glass ....... =4*6 

Ferranti cables for 250 amp. have an inner conductor 8 inches 
in diameter (external), and an outer conductor of 2 inches internal 
diameter \ their capacity is -31 m,f. per mile. The specific 
inductive capacity of the insulator, which is waxed paper, may be 
found from the formula given above. 

We have : 

41*4 X 10^ log "^c 

K = ^— ^ 

log ?!? = log ?^ = '356 r = -i8 /= 1000 ^=2-65. 
r^ 1-03 

Experiments were undertaken at Deptford, with Ferranti 
cables, to determine the influence of the capacity. We give a 
rhumk due to Dr. Fleming. As in the Ferranti systepi the outer 
conductor is put to earth, the capacity between this conductor and 
the earth does not enter in the calculation. We have only to 
consider, in addition to the capacity between the two conductors, 
the capacity of the inner conductor to earth. 

Fig. 240 shows the arrangement adopted. 

At the Deptford station the alternator a had an eflfective 
E.M.F. of 2,500 volts, and a transformer t^ raised this tension to 
10,000. The secondary current from this transformer was carried 
by a concentric cable to Trafalgar Square, and a second cable 
served for the return to Deptford. 

Ta was a transformer with a ratio of transformation of 4 to i, 
which lowered the tension to 2,500 volts. In the secondary of 
this transformer a liquid resistance was inserted to absorb the 
energy produced. 

Evershed ammeters Aj, Aj, A3, A4 provided for the measurement 
of the currents : Aj at the terminals of the alternator ; Aj at the 
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end of the lead cable ; A3 at the end of the return cable ; A4 in 
the circuit of the liquid resistance. 




Cardew voltmeters v^, Vj, V3, V4 inserted in circuit supplied 
by step-down transformers, which lowered the voltage to 100, 
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provided for the measurement of the potential difference at 
various points. 

The four points where the voltage was measured being all at 
Deptford, the observers took simultaneous measurements on being 
warned by a whistle. 

When the circuit, in which was inserted the liquid resistance, 
was open a current still circulated through the cables. By varying 
the length of the latter the value of the eflfective current was 
varied proportionally. This current was the condenser current of 
the cable ; it was normally 1*2 to i'3 ampere per mile of cable. 
The E.M.F. in the secondary of the transformer Tj was the 
impressed E.M.F. e«, r being the resistance of the cable, and c 
the capacity. The effective current is given by the equation : 



i.= 



n/ 



(eA 



r2 + 



K'c^ 



As R, the resistance of the cable, is very small, we may neglect 
R^, and we have : 

If € is expressed in m.f., i^ in amperes, and (e^)^ in volts, we 

have 

i,= k^(e«), 10-6, 

whence : 

r= J--io« 
k(e,). 

This formula allows of the capacity being calculated when the 
effective condenser current is given. 

The following table indicates effective impressed E.M.F. 's at 
the terminals of the secondary of the transformer t, the 
effective condenser current, and the capacity calculated from 
above formula. 



Diflference of potential 
(eflfective) in volts 


Effective condenser 
current in amperes 


Capacity in 


No. of cables in 
the circuit 


8,150 

9,050 

9,900 

10,850 


8 

20 
31 
44 


1-9 I 
4-2 2 
60 3 

77 4 
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Each of the first two cables was 6*6 miles long, and each of 
the others 5*8 miles. 

The total length was, therefore, 24*8 miles, and the capacity 
about 31 m,f, per mile, which corresponds exactly to the value 
found by the experiments with a ballistic galvanometer. 

Other facts were determined in these experiments. The 
secondary circuit of the transformer Ti not being connected to 
the cables, the existing current of the alternator was varied, 
keeping its speed constant. 

The results indicated in the following table were obtained : 



Speed 


Excitiog current 
amperes 


Voltage at 
terminals of 
alternator 


Voltage at terminals 

of secondary of 

transformer 


Ratio 


52 
52 
52 
52 
52 


t 

72 
65 

55 


2,633 
2,345 
2,105 
1,961 
1,661 


10,650 
9,400 
8,450 
7,800 
6,700 


4*04 
405 
4-OI 
4-03 
4-03 



The cables with their ends insulated were then connected to 
the secondary of the transformer, and the results indicated below 
were obtained. 



Number 

of 
revolu- 
tions 


Exciting 
current 
(amp^e) 


Voltage at terminals 
of alternator (volts) 


Voltage at terminals 

of secondary of 

transformer 


Ratio of 
transforma- 
tion 


Number 

of 
cables 


52 
52 

52 
52 
52 


62 
62 
62 
62 
62 • 


1,875 7,500 
2,012 8,150 
2,153 9,050 
2,421 9,900 
2,489 10,850 


4'00 
4-05 

4*2 

4-1 (?) 
4*4 



I 

2 

3 
4 



The current in the cables when they were connected to the 
terminals was respectively 8, 20, 31, 44 amperes according as i, 
2, 3 or 4 cables were connected to the secondary of the trans- 
former. The frequency was 83. 

These experiments show that when there is capacity in the 
secondary circuit of a transformer, the voltage at the terminals of 
the alternator as well as the voltage at the terminals of the 
secondary of the transformer is increased, but the increase of 
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voltage is proportionally less for the alternator, since the ratio of 
transformation increases in proportion as the capacity of the 
secondary increases, i.e, as concentric cables are added. 

The increase of voltage at the terminals of the alternators 
may be accounted for in part by the variation in the armature 
reaction, which decreases in consequence of the diminution of the 
lag of the current behind the impressed E.M.F. 

Another cause is the variation of the apparent total resistance 
of the primary circuit of the transformer. 

If Ea is the maximum value of the impressed E.M.F., r^ the 
effective resistance of the primary circuit, /j its coefficient of self- 
induction, c^ its capacity (in our case c^ = o), r^, the ohmic re- 
sistance of the secondary circuit, l^ its coefficient of self-induc- 
tion, c^ its capacity, m the coefficient of mutual induction, i| and 
I2 the maxima of the currents in the primary and secondary 
respectively, putting : 



Ai — /i — —r A2 — /2 r— 

K^^l k2^2 



we have 



3 ^g 



II^ = ^ , 

r.2 4. kU,2 + ir2 m2 2 rt rg + K^ M^ - 2 K^ \^ X2 

The maximum E.M.F. at the terminals of the primary is /-^ ij 

and the effective E.M.F. -J-^i ; certain values of Xi and \^ may 

V 2 

increase i^ and in consequence r^\^. 

The increase in the ratio of transformation may be explained 
in the following manner. 

We know that : 

I2 KM 

The ratio of transformation is -LJ, and this ratio may in- 

crease for certain values of r^ and X2- 

When conducting the experiments, it was found that when 
the transformer T2 had its secondary open, the condenser current 
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was from 12 to 14 amperes (eflfective) for 10,000 volts at the 
terminals of the secondary of Ti. 

When loading the secondary circuit of the transformer Tq 
the current increases, but the current measured by the ammeter 
A2 is always greater than that measured on the ammeter a,. 

It was also found that the square root of the difference of 
the squares of these currents was constant and equal to the con- 
denser current. 



§ 4. Loss of Energy in Armed Cables 

In a concentric cable there is no loss of energy in the arming 
wire, for in each conductor the current produces circular lines of 
force, which, being in opposite direction's, cancel one another, so 
that there is no external induction. 

In a simple armed cable, on the other hand, Foucault currents 
are produced in the arming, and there are hysteresis losses. If 
the arming is of magnetic metal there is also induction outside. 



Caii/e 



Fig. 241 

To avoid this last effect the lead and return may be placed in 
a cast or wrought iron pipe. The pipe is traversed by lines of 
force in opposite directions, which neutralise one another, but 
there are still hysteresis and Foucault current losses, which, how 
ever, are less than in the case of the isolated armed cable, for 
practically there are two open magnetic circuits. 

To determine these losses M. Ch. Jacquin made experiments 
at the works of Menier Brothers at Crenelle. 

In order to avoid errors arising from the calibration of the 
instruments, M. Jacquin measured the total power and the loss of 
power in the cable with the same wattmeter, by using the 
ingenious arrangement shown in fig. 241. 
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A represents the alternator, d a continuous-current dynamo, 
and a switch, c, allows of connecting the cable to either of these 
machines, e represents a dynamometer, w a wattmeter of which 
the fixed coil is placed in the circuit and the movable coil con- 
nected to the two extremities m and n of the conductor of the 
cable. 

An alternating current was first sent through the circuit ; the 
deflection of the wattmeter being aj, we have : 

P = Kttj. 

The dynamometer also gave a certain deflection. 

The switch, c, is then altered so as to send through the 
circuit a continuous current, and the resistance of the circuit is 
altered till the dynamometer shows the same deflection as before. 

The continuous current is then equal to the effective alter- 
nating current. If the deflection of the wattmeter is aj, the 
power is ; 

/= K ttj. 

The power lost in the arming in the case of the alternating 
current is therefore : 

Pd=P— / = K(ai - tta) 

Pd ttj — 02 tti 

P Oj ^2 

We see that, by this method of proceeding, the ratio of the two 
powers is independent of the constant of the wattmeter. 

It should, however, be remarked that / = r i^ is measured, 
R being the ohmic resistance of the circuit ; with alternating 
currents the effective resistance is larger than the ohmic resistance, 
so that the power dissipated may be less than that found in these 
experiments. 

The tests were made on a length of 220 yards of cable ; the 
conductor had a section of 30 sq. mm., and was insulated by 
caoutchouc. 

The experiments were made on the cable in three different 
conditions. 

(i.) The caoutchouc was simply covered with a serving of 
tarred braiding. 
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(ii.) The braiding was covered with a sheath of lead. 

(iii.) Above the lead there was a layer of jute, and then an 
arming formed of iron wires 3 mm. in diameter, and the whole 
was covered with bituminous fibre. 

The frequency of the alternating current was 50, and the 
alternator was of the Siemens type. 

First Condition.T-Rolling the cable on a drum with iron 
cheeks, it was found that 

p = 471 watts / = 38 w. 

Pd = 433 watts ^ ■= " '40. 

This shows the importance which parasitic currents assume in 
a mass of metal which is not latninated, for placing the cable on 
the ground it was found that 

P = 4075 / = 4075 Pd = o- 

This shows that in the cable used the effective resistance was 
the same as the ohmic resistance, the reason for this being that a 
low frequency was used, and probably also that the cable was 
formed of small diameter wires. 

Second Condition. — First Experiment — With the cable simply 
resting on the ground the following results were obtained : 

p = 41-25 / = 40 75 

=:P^ = -5w ^ = -oii. 

/ 

Second Experiment — The two ends of the lead sheath were 

joined by a copper wire with the following result : 

p = 4r5w / = 4075w 

P4 = 7Sw ~ ='oi8. 
P 

Third Condition.— i^/'ry/ Experiment— Th^ cable simply 
resting on the ground. 

p = 48*25 w / = 4i w 
Pd = 7-5w ^='i^- 
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Second Experiment — The two ends of the iron arming of 
the cable connected. 

p= 52-25 w / = 4iw 

Pd= 11-25 w ^ = 274. 

Third Experiment. — The ends both of the iron arming and 
the lead sheath connected to one another in parallel. 

P= 55*25 w / = 4iw 

Prf= 14-25 w ^==-345. 

Connecting the two ends of the arming is equivalent to closing 
the secondary of a transformer on itself, so that an induction 
current is developed in it the greater in proportion as the resistance 
is less. 

The loss naturally increases with the frequency, but M. Jacquin 
was not -able to increase the speed of the alternator which he 
employed. He states, however, that with a frequency half that 
used in the above tests the losses were diminished by 60 %. He 
comes to the conclusion that for a frequency of 100 the loss in a 
lead-sheathed cable is 2 % — 3 % of the loss due to the resistance 
of the cable, i,e, it is negligible. 

In a cable with lead sheath and iron wire arming the loss is 
at its greatest, 45 % — 60 % of the loss due to the resistance of the 
cable. As in ordinary systems of distribution, it is generally 
arranged to have a loss through conductor resistance of 5 % of 
the power transmitted, the supplementary loss is at the most 2*5 % 
of the total power. 

§ 5. Insulation of Conductors 

The insulation of a cable must fulfil two principal conditions : 
(i.) It must be sufficient to prevent the loss due to current 
leaking through it, from causing an expenditure of energy exceed- 
ing a certain proportion of the total energy transmitted. 

(ii.) It must be sufficient to prevent any disruptive discharge 
between a conductor and earth or between two conductors. 
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I. BeaUtance of the Insnlator.— Cables have almost always a 
circular section, for this shape allows of a uniform distribution of 
the insulator, and also facilitates the process of manufacture. 

Let d be the outer diameter of the conductor, d the outer 
diameter of the insulator, and / the length of the cable. 

Let us consider a layer of insulating material of radius x^ 
thickness dxy and specific resistance p. 

The surface being 2^x1^ and the thickness dx^ the resistance 
^R will be given by the equation : 

dTR = S- 

2ir X I 
The totalresistanceR of the insulator of thickness — — — will be 



'^=U'^= .-^,l^ = r4-,lo&.^. 



We have: 



J- s /.a 



l0gn^=2-3l0g? 



27r/ d' 



whence 



R=-37^ log^. 



In order that two cables of the same length and composition 
should have the same insulation resistance, it is necessary that in 
each of them the ratio of the external diameter to the internal 
diameter of the insulators should be the same. 

Further, the greater the diameter of a conductor the greater 
the quantity of material necessary to make the insulation of the 
same resistance. 

In fact, if R, f), and / are given, a certain value for --• can be 



d 



found. LetD=/^d?. 

The volume of the insulator is 

~d^(m^ - I)/, 
4 
t,e, it is proportional to d^. 
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If E be the effective potential difference in volts, i the effective 
current in amperes, r the insulation resistance in ohms ; in order 
that the loss of current through the dielectric may be/ % we 
Qiust have : 

£ lOOE 






Pi 



If d and / are expressed in cm., the value to be taken for p 
is the resistance in ohms of a piece of the insulator of one 
sq. cm. section, and one cm. in thickness. The resistance of 
insulator varies very much with the temperature, the period of 
electrification, and the pressure. 

The following table, due to Mr. Preece, gives the specific 
resistance of some insulators : 







Resistance in ohms of s 


Insulator 


Temperature 


block one sq. an. in section 
and one cm. in thickness 


Air 


C. 


00 


Mica 


20° 


•0084 X 10" 


Gutta-percha 


K 


•045 X 10" 


India-rubber 


24^ 


I 090 X 10" 


India-rubber (vulcanised) 


24' 


I 500 X 10" 
2 -So X 10" 


Ebonite .... 


46O 


Paraffin .... 


46- 


3 40 X 10" 


Siemens special rubber . 


leo 


1-617 >< 10" 


Siemens ordinary rubber 


jeo 


•228 XIO" 


Fowler Waring composition . 


1^0 


733 >'io" 


Callender vulcanised bitumen . 


jeo 


•045 X 10" 


India-rubber (vulcanised) 


jCO 


•163 X 10" 


Special fibrous insulation 


jeo 


1*190 X 10" 



Paper has a great insulation resistance, but it falls as the 
mechanical pressure on it increases. 

Thus ordinary paper without any pressure on it has a specific 
resistance of 4850 x 10* ohms, but at a pressure of 60 lb. per 
sq. in. the resistance falls to 467 x iq® ohms. 

When cables are made in the same manner and with the same 
insulating material it is possible to predict the insulation after 
completion, but the least change in the modus operandi or the 
composition of the insulator causes a very large variation. 
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2. Disruptive Discharges.— The first experiments were made 
with a continuous current, either by batteries (Warren de la Rue) 
or with a static machine (Mascart), and have reference only to air 
as dielectric. 

When these experiments were repeated with alternating 
currents, it was found that the sparking distances in ait are much 
shorter with static sources of power than with dynamic. Messrs. 
Siemens & Co., at their works at Woolwich, had a series of tests 
made by Dr. Bour on the sparking distances of alternating 
currents in different media. 

In all these experiments the frequency, unless there is a note 
to the contrary, was 100 periods per second. The voltage was 
measured by a Thomson electrostatic voltmeter. 




TUiUinietres 
Fig. 249 

The first experiments were made to determine the sparking 
distance in air. The tension was measured at the terminals of 
the transformer : one of the electrodes was fixed in a horizontal 
position, and the other was capable of being moved horizontally 
by means of a screw, which indicated the hundredth part of a mm. 
The electrodes were brought together until sparking appeared. 
Each experiment was made three times, and the electrodes were 
polished each time. 

Fig. 242 shows the curves which were the result of these 
experiments. 

Curve I was obtained with a fixed electrode formed by a disc 
100 mm. in diameter, with rounded edges, and a movable electrode 
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formed of a hemisphere lo mm. in diameter. The temperature 
was about i6° C. 

Curve 2 was obtained with the two electrodes formed of brass 
discs, the fixed one loo mm. in diameter and the movable one 
37 mm., with rounded edges. The temperature was 1475° C. 

Curve • 3 was obtained with the same fixed electrode, the 
movable electrode consisting of a steel point making an angle of 
60®, the section of which was an equilateral triangle of 5 mm. 
side. 

The point was polished after the production of each spark, 
but the sparks did not always pass to the point The temperature 
was 12® C. 

These experiments were repeated with a frequency of 80 
periods, and very little difference was found ; although, firom 
theoretical considerations, it might have been expected that the 
sparking distance would vary directly with the frequency. 

The effect of capacity was determined by connecting one or 
more insulated wires to the transformer circuit in parallel with 
the micrometer circuit. The sparking distance is stated to have 
decreased with the capacity. 

With the discs they found, with a tension of 10,000 volts, the 
sparking distance to be : 

Without capacity, 4*5 mm. ; with a capacity of -113 tn.f,^ 
4*17 mm. ; and with a capacity of -28 m,f.y 3-94 mm. 

With the point and spherical surface they found the sparking 
distance to be : 

Without capacity, 4*5 mm. ; with a capacity of -14 m,f.^ 
4*08 mm. ; with a capacity of '28 ;«./, 4*06 mm. 

With the point and disc they found the sparking distance 
to be : 

Without capacity, 578 mm. ; and with a capacity of '14 m.f.y 
4-83 mm. 

The voltage measured by the electrostatic voltmeter is the 
effective voltage. As it is certain that the sparking distance 
depends on the maximum voltage, to obtain the true voltage 
the figures given must be multiplied by sfi. The figures may 
then be applied to continuous currents ; in £ict, these results 
are practically identical with those obtained by Warren de la Rue 
in 1878, 
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Experiments were also made at Siemens's works on different 
insulating materials, the voltage being measured by an electro- 
static voltmeter, and, in the case of very high tensions, with a 
Kelvin voltmeter balance. 

Fig. 243 shows the curves obtained with various substances. 

Curve I has been obtained with several thicknesses of indu- 
rated calico firmly pressed between the disc and sphere electrodes. 
The ends of the curves show the points at which rupture occurred. 

Curve 2 is taken from concentric cables, of which the insula- 
tion was obtained by means of a fibrous indurated material ; the 
terminals of the transformer were connected to the two conductors. 
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/ 


soooo 




-^ 




7 
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TZuZhmafiTds 
Fig. 243 

Curve 3 is taken from concentric cables insulated with rubber. 

Curve 4 shows the sparking distance through celluloid, which 
was placed in the form of sheets between the two disc electrodes 
of the micrometer. 

M. Steinmetz has made experiments on the sparking distance 
at different tensions, using as generator a Westinghouse alternator 
giving 50 volts and 1 5 ampbres. The secondary of the transformer 
was determined by means of a few turns of wire wound on the 
secondary circuit and connected to an electro-dynamometer. 

All the experiments were made at a frequency of 150, and 
each time the tension was gradually increased by means of the 
excitation of the alternator till rupture occurred. 

To find the maximum difference of potential, it is necessary 
to know what kind of current-curve was used. M. Steinmetz 
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assumed that it was sinusoidal ; consequently it is necessary to 
multiply the effective tension by n/^. 

M. Steinmetz used as electrodes discs of metal 5 cm. in 
diameter ; the solid dielectrics were clamped between these discs, 
which were considerably less in diameter than the insulating 
material, so as to avoid brush discharges as far as possible. 

In the case of liquids the electrodes were completely im- 
mersed. 

The formulae below show the results obtained. The distances, 
d^ are expressed ia thousandths of a cm., and the potential 
differences (maxima), v^ in kilovolts. 

Mica ^ = -24 z; + -0145 ^^ 

between 800 and 16,500 volts. 
Vulcanised fibre ^ = 7-66 ^^ + 2*3 v^, 

between 8,000 and 22,000 volts. 
Paraffined paper d= ^v, 

between 6,900 and 24,800 volts. 
Melted paraffin ^ = 1 2 '4 tr, 

between 3,900 and 27,000 volts. 
Boiled oil ^=125 Vj 

between 7,000 and 21,000 volts. 

The two latter formulae show the value of liquid oils as high- 
tension insulators, since a distance four or five times less than 
that in air is sufficient to prevent the passage of a spark. 

§ 6. Cables 

We shall classify cables according to the method of insulation : 

(i.) Air-insulated cables. 

(ii.) Cables insulated with homogeneous material. 

(iii.) Cables insulated with fibrous material impregnated with 
insulating material. 

(iv.) Cables of which the insulation is obtained only when in 
position. 

Another division may be made into : 

(a) Simple cables. 

(If) Concentric cables. 
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The advantages of concentric cables are the ease with which 
they can be laid, and the fact that they cause no loss of energy in 
the arming, and give rise to no induction effects in neighbouring 
wires. 

On the other hand, they cost more than simple cables of 
equivalent section, for they require double insulation between 
the inner and outer conductors ; and as the outer conductor is of 
considerable diameter, a large amount of material is necessary to ob- 
tain a given insulation. There is the advantage of having only one 
arming, but as it is of large diameter very little economy is effected. 

At the factory of Halles, for example, a concentric cable costs 
33 francs, whilst the simple cable of the same section only comes 
to 8 f. 35 c. per metre. 

(i) Cables insulated by Air. — As we have seen, the resistance 
of the air is practically infinity, so that it is sufficient to separate the 
lead and return conductor to such an extent that there is no fear 
of a disruptive discharge from one to the other. The inconveni- 
ence is that the cable must be supported at intervals, which 
destroys a large proportion of the insulation. 

(2) Cables insulated with a Homogeneous Material.— The 
insulating material must be very homogeneous, in order that 
there may be no weak points ; it must be sufficiently elastic 
not to crack when the cable is wound on a drum ; and it must be 
able to stand a certain degree of heat without softening, in order 
that the conductor may be always central. 

The substances usually employed are rubber, gutta-percha, 
bitite, &c. 

Gutta-percha has the fault of becoming brittle with cold and 
softening very easily ; it is only used in telegraphy. 

Bitite is refined and vulcanised bitumen ; it is used by the 
Callender Company. 

India-rubber is the only material which fulfils all the above 
conditions. Its insulation resistance is, as we have seen, very 
considerable, and from the point of view of disruptive discharges, 
it surpasses other insulators. 

When rubber is pure, it contains a dissolving principle which 
may cause it to rot ; it is first rendered viscous and then trans- 
formed into resin. This difficulty can be overcome by mixing 

u 2 
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with the pure rubber inert materials, such as oxide of zinc, &c., 
which absorb the dissolving principle, but on the other hand 
diminish the insulation resistance. 

The usual method of making an india-rubber cable is as 
follows : The conductor is first covered with a prepared tape ; 
then there are applied under considerable pressure two layers of 
mixed rubber, cut into strips of varying length so as to form two 
longitudinal joints. The whole is covered with braid, and armed 
if necessary. 

The joints made in this manner will stand even under water, 
when the cable is well made. 

As the mixed rubber must be used in thicker layers than pure 
rubber, it is easy to make the whole covering homogeneous in 
thickness. 

In order to annul the effect of the dissolvent, the rubber may 
be vulcanised after manufacture — i.e, combined chemically with 
6 or 8 % of sulphur. 

When this is done no joints are visible in the rubber, even if 
the cable is cut. 

The disadvantage is that, if there is sulphur in excess, it 
attacks the copper. This can be obviated either by tinning the 
conductor or by rolling braid or ribbon round it, or, better, by 
only putting just enough sulphur to combine chemically with the 
rubber. 

When making a vulcanised india-rubber cable, the following 
processes are gone through : 

Strips of pure rubber are wound spirally on the conductor, 
successive layers being in the opposite direction. Next, layers of 
mixed rubber are put on, each layer consisting of two strips, one 
on the top of the other, and care is taken not to let successive 
joints coincide. 

The whole is then squeezed so as to compress the joints ; 
then strips of rubber are wound spirally and well compressed, 
after which it is vulcanised. 

For vulcanisation the cable is wound on a drum and carried 
into the hot room. If the cable cannot be rolled it is placed in 
separate layers separated by gypsum. 

Rubber cables must never be placed in positions where the 
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temperature reaches a considerable value, such as near steam- 
pipes. 

M. Navier, of New York, placed in an oven three rubber 
cables the insulation of which was 1,500 megohms at 17** C, and 
raised them to a temperature of 100° C. The cables then only 
had an insulation varying from 9*5 to 12-4 megohms; when 
cooled down to the same temperature as before, the insulation 
returned to its former value. 

M. Navier also stated that the capacity increased with the 
temperature; it increased 140% between 47° and 100° C, 
which is due to the increased specific inductive capacity of the 
rubber. 

(3) Cables insulated with Fibrous Material, imprtgnated 
with Insulating Material. — The insulation of these cables is not 
perfectly homogeneous, and holes may exist which will facilitate 
disruptive discharges ; they must not therefore be employed 
for tensions above 3,000 volts. The Ferranti paper-insulated 
cables are an exception to this rule. 

As insulating material the following substances may be em- 
ployed : wax, paraffin, &c., which must be warmed in order to 
liquefy, or substances which are always liquid, such as petroleum, 
resinous oils, &c. This class of cable must be protected from 
damp, and for this purpose it is covered with a sheath of lead, 
which is either put on hot or under pressure when cold. 

Petroleum is obtained after distillation of all volatile substances, 
lighting and lubricating oils, waxes, &c. ; there is then left a 
thick, heavy, black mass, which melts at a high temperature and 
is almost uninflammable. 

This product is an excellent insulator ; it has a great specific 
resistance and a low inductive capacity. 

Resinous oil forms a very good insulator, by means of which, 
when warm, the pores of vegetable material such as jute and 
cotton can be filled, the air and water being driven out. 

This oil has a high specific resistance and also a large sparking 
distance. 

We shall now describe some systems of special cables insulated 
with impregnated fibrous material. 

The cables of Berthoud ^ Barel, of Cortaillod, Switzerland, 
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are concentric cables with a triple sheath of lead (fig. 244). 
These sheaths are put on cold at a pressure of 50 or 60 atmo- 
spheres ; one separates the inner from the outer conductor, and 
the other two are placed between the outer conductor and the 
arming. 

The insulation is formed of spirally wound layers of tape, 
each layer being in the opposite direction to the last one. When 
the conductor (either inner or outer) is covered with these layers 
it is placed in a tank filled with a resinous material and well baked. 
Then it is enveloped in its lead sheath, which is afterwards drawn 
through a dife. Between the two outer 
layers of lead there is a serving of braid. 
The outer layer of lead is covered with 
a layer of tarred jute, over which is 
wound a double ribbon of steel, which 
is finally covered with two layers of 
spirally wound tape. 

The insulation resistance is from 
2^ to 3,000 megohms per mile. In 
the tests of the cables employed in the 
Champs-Elysdes district the cables 
which were intended to work at an effective pressure of 3,000 
volts had to be submitted to a pressure of 6,000 volts between the 
two conductors, and yield the same insulation before as after the 
test. 

Siemens Cables, — The insulation in this case is obtained 
with jute impregnated with a special bituminous composition 
mixed with heavy oil. The cable is then covered at a low 
temperature and under heavy pressure with a sheath of lead, which 
is afterwards covered with jute or tape indurated with bituminous 
composition. Two strips of iron are wound spirally above this 
and then covered with tarred jute. Siemens concentric cables are 
made in the same manner, but without any lead sheath between 
the two conductors. 

The Norwich Insulated Wire Company employs as insulator 
strips of paper soaked in special composition. These strips are 
wound spirally, each turn being pressed close to the conductor. 
The cable in this condition is immersed in a bath of special 
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composition, kept at a temperature of 120** C. The lead sheath is 
then put on by hydraulic pressure. 

Patterson Cables, -r-l^oaid. sheaths put on under pressure possess 
fissures which may escape notice at the time of manufacture, but 
which allow moisture to penetrate and destroy the insulation. 

Patterson makes his cables in the following way, so as to avoid 
that disadvantage. 

The conductor, covered with paraffined cotton, is placed in a 
lead pipe. The empty space between the cotton-covered cable 
and the lead pipe is filled up under pressure with liquefied paraffin 
mixed with a dry gas, which fills up the space left by the paraffin 
in contracting. While the paraffin is being pumped in under 
pressure, care is taken to preserve the lead sheath quite intact. 

Felten <5r* Guilleaume Cables, — The conductor, which is either 
solid or stranded, is covered with one or more layers of jute or 
paper ; it is then wound on a bobbin and dried in cast-iron vats, 
in which a vacuum is produced. When the desiccation has 
proceeded far enough, the vat is filled with a special composition 
which impregnates the jute or paper. 

The cable is next taken out of the bath and covered with a 
first sheath of lead drawn out cold under pressure. The cable is 
then provided with a coating of composition before receiving the 
second lead sheath. 

This double lead skin ensures perfect soundness. Above the 
lead is placed a layer of tarred jute, then the arming, so that the 
latter may not injure the lead during manufacture or laying. The 
protecting covering consists of two iron or steel ribbons wound 
spirally, the second layer covering the joint of the first. A layer 
of tarred jute, covered outside with compound, preserves the arm- 
ing from contact with air or moisture. Low-tension cables are 
insulated only by a series of layers of jute. 

High-tension cables are provided with layers of paper as well 
as of jute, as paper offers a greater resistance to the passage of a 
spark. 

Ferranti Cables, — Ferranti designed a special system of con- 
centric cables for transmitting currents at 10,000 volts. The two 
conductors are formed of copper tubes ; the inner tube is covered 
with paper which is not sized, soaked in melted wax. Several 
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layers of paper are put on, the joints being crossed, and each layer 
compressed by means of a special mandrel whilst the paper is still 
warm. 

When the layer of insulation is of sufficient thickness the tube 
is forced by pressure into the tube forming the outer conductor, 
the insulation being thus strongly compressed. 

The outer tube is then insulated like the inner one, and the 
whole forced under pressure into an iron pipe. The space left is 
filled up, under pressure, with black wax. 

The length of each section of the cable is 20 feet, and 
consequently the joints are very frequent. We shall describe 
them further on. 

Ferranti made for the Deptford works three series of cables 
the conductors of which were of 80, 160, and 320 sq. mm. section, 
and which were intended to carry 125, 250, and 500 amperes. 
The dimensions of the 160 sq. mm. cable are : 

Internal diameter of inner tube . . 14*28 mm. 

External diameter of inner tube . . 21 '43 mm. 

Internal diameter of outer tube . . 46*83 mm. 

External diameter of outer tube . . 49 '2 1 mm. 

The resistance after laying is '32 ohm per mile — ue, practically 
the same as if the conductors were continuous, in spite of the large 
number of unsoldered joints. 

The insulation resistance between the inner and outer con- 
ductors is 270 megohms per mile. 

The capacity between the two conductors is about '35 m,f. 
per mile, and that between the outer conductor and earth nearly 
ten times as great. 

§ 7. Underground Mains 

Underground mains may be divided into four classes : 
(i.) Bare cables in culverts, 
(ii.) Insulated cables in culverts. 

(iii.) Systems in which the insulation is secured by the process 
of laying. 

(iv.) Armed cables put directly in the ground. 
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Bare Cables in CtQverts. — Bare cables are as a rule supported 
by porcelain insulators, provided on the top with a slot in which 
to place the conductor. The insulator is fixed to an iron stem 
cemented into the floor. 

This system is only suitable for low-tension work. The 
insulators have to be placed at distances of from 50 to 90 feet 
from one another, and, as we have already seen, the addition of 
each insulator diminishes the total insulation. It is impossible to 
employ oil insulation, for it requires constant renewal. 

The culverts may be of cement, masonry, earthenware, or 
cast iron. Cement culverts are the best. Their relative cheapness 
allows of giving them a section large enough to enable the cables 
to be placed at a safe distance from one another, and they are 
of sufficiently close texture to ensure their being waterproof in 
soils which are not very damp. The insulator supports may be 
made of sufficient strength to allow of drawing in the cable. 

Masonry culverts are impracticable owing to their excessive 
liability to rupture. 

Earthenware culverts, on account of the difficulty of manufac- 
ture, cannot be made of as large section as those in cement. As 
they can only be made in short lengths there are a great number 
of joints, which is disastrous to their water-resisting properties. 

The fixing of the insulator stems is a very difficult opera- 
tion. 

The same fault may be found with iron culverts, for if they 
are to be at all cheap they cannot have a thickness of more than 
\ inch, and when this is the case the insulator stems are not 
firm enough to allow of a sufficient tension in the conductors. 
In all culvert systems depressions must be carefully avoided. 
If it is impossible to entirely do away with them, means must be 
provided for getting rid of the water, as, for instance, sump pits, 
from which the water can be pumped. 

It is also an advantage to ventilate the system by means of 
pipes taking off from the highest points. The orifices of these 
pipes may be placed in any convenient position, and of course 
must be protected from the rain. 

In America the culverts are ventilated by means of compressed 
air. 
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Insulated Cables in Culverts. — These may be divided into 
two classes : 

(a) Cables placed permanently in position. It is necessary to 
open up the ground, either to lay them or take them up. 

{if) Cables on the drawing-in system. These may be taken 
up by opening manholes placed in convenient positions. 

(a) Cables laid permanently in Position, — The culverts may 
be, as we have seen above, of cement, masonry, earthenware, 
metal, or wood. 

The insulated cables may be placed on racks fixed in the 
culverts and then covered over. 

The culverts, after being closed, may be filled with some 
substance, either insulating or non-insulating. 





Fig. 245 



At the Halles municipal station the cables are arranged in 
concrete conduits, in which they are supported by wood mouldings 

(fig- 245)- 

The concrete is formed of four parts of sand, one of Portland 
cement, and one of limestone. 

At Rome the concentric cables on the Siemens system are 
placed in wooden boxes filled with cement. 

At Ziirich both the primary network of Berthoud & Borel 
non-armed concentric cables, and the secondary circuits on the 
three-wire system, formed of three simple Berthoud & Borel 
cables, are placed in earthenware culverts. These culverts are 
made in 3-foot lengths, and those used for the secondary mains 
have a section of 7 by 7 inches (fig. 246). 
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These culverts are afterwards filled with fine sand, which 
equalises the pressure. Under the roadway the culverts are 
placed at a depth of 2 feet from the top of the cover, and under 
the pavement this depth is reduced to 20 or even 16 inches. 

The Ferranti cables are laid in the following way : One end 
of each length is turned to a male cone and the other end to a 
female cone fitting on the male cone, as shown- in fig. 247. The 
inner tubes are connected by means of a copper mandrel held by 
shoulders on the inside of the tube. When this mandrel is in 
position the two lengths are brought together and the joint 
formed by hydraulic pressure. 




e 




Fig. 2 7 



The two outer conductors are joined by means of a copper 
sleeve, inside which grooves are made by a special tool ; these 
grooves are fluted so that the sleeve may make good contact. 

The bared portion is then covered with non-sized paper 
impregnated with wax, and the junction between the two iron 
arming pipes made by an iron sleeve in the same way as in the 
case of the outer conductors. 

The space left in the sleeve is filled up with melted wax 
poured through a little hole left for the purpose, which is then 
closed by a set-screw. 

The cables are then placed in wooden boxes which, when a 
certain length of conductor has been laid, are filled with pitch. 
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At intervals there are cast-iron inspection boxes, into which 
the cables enter through packing glands. In these boxes the joint 
is not made in the ordinary way, but in the manner indicated by 
fig. 248. It is very easy, when searching for a fault, to separate 
the two portioils of the cable for the purpose of testing. 

The joint between two consecutive tubes is of great strength, 
and enormous power is necessary to separate them. In spite of 
the laige number of joints, the resistance of the cable after laying 
is almost the same as if the tubes were continuous. 

It is to be feared, however, that after a time the vibration 
will produce cracks at the joints, which will lead to disruptive 
discharges. 

In all systems of cable laying it is wiser to use junction boxes 
instead of making joints. 

Special workmen sent from the cable factory are required to 
make a proper joint. 




Fig. 248 



(J>) Drawing-in System, — In this system it is possible to draw 
out the cable after laying, or, if the need should arise, to increase 
the useful section of the conductors by drawing in new cables. 

When flexible cables of small section are used, the culvert 
may be divided up into compartments by means of horizontal 
and vertical partitions into which new cables can be drawn. 

At all bends, and at distances of about 100 yards in the 
straight, boxes must be inserted which can, if desired, be used as 
junction boxes. 

When the culverts are laid down, a draw wire is left inside 
each compartment for the purpose of drawing in the cable. 

In ihQ Johnston system the culvert is of cast iron formed of 
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two halves which fit into one another, and divided by vertical and 
horizontal partitions. 

The outside of the culverts is provided with grooved joints 
which are filled up with putty. 

In the Callender- Webber system the culverts are formed of 
blocks of bituminous concrete perforated by holes in which the 
cables are placed. The joints are made with melted bitumen, 
care being taken to fill the holes through which the cables pass 
with a mandrel, which is afterwards removed. 

In the Dorsett system the culverts are of coal-tar, pitch, and 
fine sand. To make the joints, tubes of paper are placed inside 
the holes and the interstices filled up with plastic cement. 

In America they make considerable use of wooden tubes of 
square sections with a hole in the centre. Several of these wooden 
tubes may be held together by means of a frame. 

The wood is creosoted, and consequently care must be taken 
not to employ cables with a covering of pure lead, since this is 
rapidly attacked by creosote ; a certain proportion of tin must be 
mixed with the lead. 

Cables may be placed in cast- or wrought-iron pipes, the 
joints being made just as in the case of water pipes. At the time 
of laying, additional pipes may be put down, or the pipes may be 
of larger section than is required at first, so as to leave room for 
supplementary cables. 

These pipes are of circular or elliptic section, the internal 
diameter varying from 2 to 4 inches. 

Cables of which the Insulation is obtained in Laying. — ^As 
the insulation is secured during the 
process of laying, the cables are simply 
provided with a covering of braid or 
cotton, to prevent them touching one 
another. 

In the system of the Callender 
Company the cables are arranged in y\o, 249 

cast-iron culverts, about 6 inches broad 

and 4 inches high (fig. 249). They are supported by transverse 
wood bars placed at a distance of 20 inches from one another. 
When a sufficient length of cable has been laid, the box is filled 
with bitite or asphalte and the culvert covered over. 
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In the Brooks system the cables, covered with jute, cotton, or 
hemp, to prevent them touching one another or the sides of the 
conduit, are drawn into cast- or wrought-iron pipes. 

The whole of the pipes and junction boxes are then made 
completely watertight, after which an insulating liquid is pumped 
in. This liquid is usually a heavy, sticky, resinous oil, which will 
not escape from the pipes so easily as ordinary mineral oil. At 
the highest part of the system a reservoir is installed, which is kept 
full of oil, and which therefore ensures the complete filling of the 
pipes. 

The insulation thus obtained is very good, and even if a dis- 
ruptive discharge takes place, the system recovers its insulating 
properties ; but on the other hand, when the system reaches any 
considerable size, it is very difficult to prevent leakage of oil. 

This system cannot be employed when the mains are situated 
in a hilly district, since the pressure would be too great at the 
lower parts. 

Armed Cables placed directly in the Oronnd. — These cables 
are placed in a trench on a layer of sand from 4 to 6 inches in 
thickness, and covered with a second layer of sand 6 to 8 inches 
in thickness, on the top of which planks, tiles, or wire netting are 
placed to warn workmen who are excavating for any purpose of 
the presence of the cables. The trench is then filled up and the 
pavement restored. 

The bottom of the trenches must be slightly sloped, and if the 
soil is not very porous the water must be drained oflf into sump 
pits. 

This system is employed in the Champs-Elys^es district, and 
M. Dieudonn^ has written the following description of the system : 

Method of Laying, — The cables are sent out in lengths of 
from 100 to 200 yards, according to their section. 

The bobbin which carries them is pivoted on the platform of 
a vehicle in such a way that unwinding takes place in a horizontal 
plane. 

The operation of laying is very simple : The waggon is placed 
near the trench opened in the pavement, and workmen pull the 
cable off the bobbin into it. At street crossings the cables are 
threaded through cast-iron pipes about 5 inches in diameter. In 
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order to protect them from blows of a pickaxe, a layer of shingles 
in earthenware is spread over them, and a few inches above this a 
strip of wire netting with large meshes is laid in the soil. 

Joints, — The junction of two ends is made by means of a 
junction-box in two parts, of which fig. 250 shows a view in plan 
with the cover removed, and also a view with the cover on, as 
well as some details. 
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Fig. 250 



The ends of the cable are bared and corresponding wires 
inserted in brass clamps, which grip them firmly by means of 
screws ; then the cover is put on, bolted, and filled with insulating 
material poured through three apertures. 

Branches, — The same type of box is used for connecting 
feeders to distribution cables. 

It is a box of T shape (fig. 251), in which the wires of the 
three cables are joined by special brass clamps. The box is filled 
with insulating material as before. 

All these boxes are soaked in oily resin, in order to prevent 
any moisture penetrating into the joints. 
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The insulation per mile after laying was as follows : 

Between the two conductors . . 3,000 megohms. 

5,300 megohms. 



Inner conductor and earth 
Outer conductor and earth 



1,600 megohms. 




Fig. 251 



§ 8. House Wiring 

Incandescent lamps as a rule work a difference of potential 
of from 50 to 100 volts, and the network supplied by the house or 
sub-station transformer is either two or three wire. It is necessary 
to take certain precautions to avoid the contact of the secondary 
circuit with the primary. 

All the wires used must be carefully insulated and sufficiently 
pliant to bend at right angles without breaking either the con- 
ductor or the insulation. To fulfil this condition, when the 
conductor is of large cross-section it must consist of several 
strands, and the insulation must be of rubber. For mechanical 
reasons no wire consisting of one conductor less than ^ mm. in 
diameter is used. 

The conductors, as far as possible, should not be used for sus- 
pending a lamp or weight of any sort. The use of twin wire is 
allowable only for the connection of portable lamps, and in this 
case the insulation between the two conductors must be very high. 
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The section of the wire supplying current to a lamp or group 
of lamps must be calculated so that the effective voltage at the 
lamp terminals does not differ more than 2 or 3 % from the 
normal E.M.F. This section should then be verified by 
Kennelly's formula, and if it entails too great a rise of temperature 
it should be increased. 

Kennelly's formula is not very convenient to use As long 
therefore as the section of the conductor does not exceed ^ sq. in., 
the following rule may be applied — viz. the density of the 
current should not exceed 1,000 amperes per square inch. 

House wiring may be formed of : 
(i.) Bare wires on insulators, 
(ii.) Cables in wood casing. 

(iii.) Lead-covered cables fixed to the wall. 

(iv.) Cables drawn into pipes. 

The first system gives excellent insulation, but is untidy in 
appearance. 

The second system should only be used in dry places. The 
casing should be of hard, well-dried wood, and there should be no 
discontinuity at the joints. In very dry places the casing may be 
fixed directly on the wall by means of screws and wooden plugs. 

It is advisable, however, to always adopt the following plan, 
which is indispensable when the walls are at all damp. The 
casing is placed at a distance of about '6 inch from the wall, and 
is fastened to it by means of pieces of dry wood boiled in paraffin, 
either nailed to the wall or cemented into it. The heads of the 
nails fixing the wooden pieces to the wall must be sunk in grooves 
made for the purpose. The casing is fixed to the wooden pieces 
by means of screws, whose points must not reach the wall. 

At angles the casing should have a gradual bend, so as to avoid 
cracking the insulator or conductor. 

Casing is not a good method of protecting a cable ; it is liable 
to be pierced by a nail, &c., and it is, in fact, only a mechanical 
protection, for it very readily takes up moisture, especially in con- 
cealed positions. 

Lead-covered cables may be fixed to the walls by means of 
holdfasts, like gas pipes, care being taken not to injure the lead 
covering. 

X 
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Lead-covered cables may be formed of single wires, or of 
concentric conductors, or of two conductors not concentric in the 
same sheath. The advantage of this system is that the con- 
ductors can easily be concealed under the carpets &c. 

Cables may be drawn into iron pipes provided with special 
joints, and they may then be easily drawn out for examination or 
in order to be replaced. 

In America the Interior Conduit Company employs pipes and 
junction boxes of paper on the Bergmann system. The paper is 
vulcanised, and the tubes look like ebonite. They are almost 
incombustible, and when surrounded with a metal sheath are 
perfectly uninflammable. 

There is no danger even if a wire comes in contact with the 
conduit (a bare copper wire placed in these tubes gave an insula- 
tion resistance of 105 megohms per mile). The tubes are about 
3 yards long ; their internal diameter varies from 7 to 16 mm., 
and their thickness is about 2*5 mm. The joints are made by 
means of a copper sleeve provided with a special grip. The 
whole system is thought out in all its details for all possible 
cases. 

The tubes are fixed to the walls or ceilings by means of rings 
of thin copper, or annealed iron nailed through the centre to the 
wall and then bent round the tube. 

For the main conductors the lead and return wires are each 
placed in a separate tube. 

For the secondary circuits concentric cables are generally 
used. 

To insert the conductors in the conduits a strip of steel is 
used, terminated at one end by a ball and at the other by an eye. 
The strip is thrust into the tube, the conductor attached to the 
eye, and the whole drawn in. 

The branch joints are made, without solder, by screw clamps 
on porcelain blocks. All the blocks, switches, and fuses are 
placed in boxes of material similar to the tubes, provided with 
apertures, to which the tubes are joined by means of copper 
sleeves. All the box covers are interchangeable. 
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§ 9. Measures of Precaution 

In a remarkable paper read before the International Society 
of Electricians, M. d'Arsonval investigated the action of an 
alternating current on the human organism. 

The action of the alternating current depends on the shape of 
the electrical wave of the potential, or rather the current which 
traverses the body, and also on the frequency. 

The first point was demonstrated by M. d'Arsonval in the 
following way. He found that for an equal voltage a Siemens 
alternator is more dangerous than a Gramme. In fact, if a 
current from both machines at 300 volts is sent from head to tail 
of a dog, when the effective current reaches i ampbre the current 
supplied by the Siemens machine causes the death of the animal, 
whilst that generated by the Gramme has not the same effect. 
The wave of current from the Siemens machine, the armature of 
which contains no iron, is a great deal more abrupt than that of 
the Gramme alternator, the armature of which contains iron. 

In the case of a very short contact with a high potential 
system death is only apparent, and if artificial respiration is 
resorted to, as in the case of drowning, the victim will recover. 

When the contact is of considerable duration, death is due 
to a raising of the temperature of the body, which, as Claude 
Bernard has shown, effects a coagulation of the muscular fibres of 
the heart. 

If the body of the animal which is undergoing the experiment 
is kept cold artificially, death will not ensue. 

The rise of temperature is not due solely to the resistance of 
the body \ the greater part of it is caused by the violent con- 
traction of all the muscles. 

In the case of an electrocution in America, it was stated that 
the temperature of the body of the criminal was considerably 
above the normal. A current of 3 amperes at 15,000 volts was 
sent through the body for 50 seconds, ue, 45,000 watts or i calorie 
per second. Now 50 or 60 calories only raise the temperature of 
a body of average weight by about i degree. 

M. d'Arsonval stated that when the frequency is gradually 
increased the phenomena of neuro-muscular excitation increase 
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till from 2,500 to 3,000 alternations per second, that from 3,000 
to S,ooo they are stationary, and after that they decrease. A 
current therefore of 3,000 alternations is more injurious than 
the same current at 10,000, or at 150, or even 40 periods (with 
the Gramme machine). 

Two explanations of this fact can be given, one physical and 
easily proved, the other physiological and consequently hypo- 
thetical. 

The first is that the distribution of an alternating current is 
quite different from that of a continuous current ; the higher the 
frequency the more the current keeps on the surface of the 
conductor. 

The second explanation is that the tissues are not susceptible 
to exceedingly rapid shocks. 

With a periodicity of 600,000 or 700,000 cycles per second, 
M. d'Arsonval has been able to light as many as seven lamps at 155 
volts, each taking half an ampfere by the current through his body. 
A similar current from an alternator of ordinary frequency would 
instantly stop respiration and would cause violent contractions 
in all the muscles. 

Numerous experiments have been made to determine the 
effective current, which is dangerous at ordinary frequencies. 

Lawrence and Harries found that the shock became painful 
for an effective current of "004 ampbre. 

Swinburne estimates that the dangerous current is from -014 
to '03 ampere depending on the individual. 

We may therefore assume that a current of 'oi ampere is 
dangerous. 

The resistance of the human body is very variable ; it may 
reach 6,000 ohms, but the average value is 1,000 ohms. 

It is necessary that the insulation of a cable should fulfil the 
condition of not allowing a current of -oi ampere to pass when 
a person touches it. 

If E is the effective E.M.F., r the resistance of the insulation, 
and r the resistance of the human body, we must have : 

E = (r + ^) 'oi 

K = 100 E — r = jQo E — 1,000 
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When E = 100 volts, r must = 9,000 ohms 

E = 1,000 volts, R must = 99,000 ohms 
E = 2,500 volts, R must = 249,000 ohms 
E = 10,000 volts, R must = 999,000 ohms 

As a rule, if these conditions are satisfied, a person runs no 
danger ; for it is evident that in the case of an accidental contact 
the resistance at the point of contact is much greater than the 
figure given above, which was obtained from experiments in which 
the person held the electrodes in either hand. 

In the case of alternating currents, there is another source of 
danger beside that of defective insulation; this arises from the 
capacity. 

Cables have two kinds of capacity : 

(i.) The capacity between two conductors, which may be called 
the direct capacity^ and which does not enter into the question of 
safety. 

(ii.) The capacity of each of the conductors to earth, which 
forms a source of danger. 

When a cable is traversed by a continuous current the insula- 
tion to earth may be several thousands of megohms, but it is not 
the same when the cable is traversed by an alternating current. 

In fact, the resistance of the insulator does not enter into the 
question when there is capacity ; it is now a question of the 
apparent resistance^ which, if k represents the pulsation of the 

current and c the capacity to earth, is equal to — . 

The apparent resistance may be increased : 

(i.) By diminishing K ; but the periodicity cannot be lowered 
below a certain value so as to give a steady light. 

(ii.) By diminishing c. The cable may be placed in a metal 
pipe of large diameter, since the dielectric constant of air is only 
one-third or one-fourth that of ordinary insulating materials. 

This is the reason that overhead lines are preferable from the 
point of view of safety. 

A method indicated by M. Claude to diminish the intensity 
of the current traversing the body of a person who touches the 
cable, consists in neutralising the effects of the capacity to earth 
by means of self-induction. 
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Let A and b be lead and return conductors (fig. 252) ; if a 
person connected cable b to earth through t d, the current pass- 
ing through his body would pass to the cable a along t a. To 
diminish the maximum intensity of this current, M. Claude pro- 
posed to connect in shunt a self-inductive circuit l. 

In fact, if / = I sin k / represents the instantaneous value of 
the current traversing the body, we shall have : 







Fig. 252 



E a being the maximum value of the E.M.F., i the maximum value 
of the current which traverses the person, k the pulsation of the 
current, and c the capacity to earth. 

We see that theoretically, if l = -^, no current will pass 

through the body of the person ; but practically it is impossible 
to have a self-inductive circuit without resistance, so that the 
current will always have a certain value. 

M. Claude, at the Halles station, where the insulation resist- 
ance (apparent) of the live cables is as low as 2,000 ohms, was 
only able to double this resistance, since the only self-inductive 
apparatus at his disposal were Perranti transformers. When 
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choking coils are available, the apparent insulation may be much 
greater, and reach as high as twenty-five times the normal value. 

We thus see that the capacity of the cable to earth may be 
practically annulled by joining up a self-inductive circuit in shunt. 
The effect of the self-induction is to compensate the action of 
the capacity in discharging to earth. 

Protection of Secondary Circuits. — It is necessary to 
take great care that the secondary circuits which are connected to 
the transformers do not come into contact with the high-tension 
circuit. 

An excellent arrangement, proposed by Thomson and Kent, 
is to completely separate the two circuits of the transformer by 
means of a metal screen (laminated so as to avoid eddy cur- 
rents), which is put to earth. 

All the leakage from the primary circuit escapes to earth with- 
out affecting the secondary circuit. Unfortunately this device 
makes the construction of a transformer more complicated, and 
it is rarely put into practice. 

Mordey proposed to connect the centre of the secondary to 
earth. This device, although it obviates all danger of shock, has 
the disadvantage of putting a permanent stress on the insulation 
of the circuit. The chances of a fire taking place owing to contact 
with earth at some other point are increased, and the Board of 
Trade, together with most of the insurance companies, forbid this 
arrangement. 

With this system automatic fault-finders may be used. An 
electro-magnet is connected in circuit with the earth wire, which 
when traversed by a strong enough current attracts its armature. 
A double-pole switch is then actuated, which interrupts the 
primary circuit of the transformer. A similar apparatus is installed 
at the central station. If there is contact between the primary 
and secondary, a current passes through these fault-finders, the 
secondary circuit is insulated, and the central station warned of 
the occurrence. 

This arrangement lessens the chance of a fire, but it still has 
the disadvantage of putting a permanent stress on the different 
parts of the circuits. 

It is better to adopt arrangements in which the secondary circuit 
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is put to earth only when the E.M.F. reaches too high a value. 
The following devices effect this : 

The Cardew device is formed of two plates of brass insulated 
from one another, placed at a distance apart which depends on 
the tension which it is desired not to exceed. These plates are 
placed between two springs, fixed on a block of ebonite. The 
upper spring, and consequently the upper brass plate, is connected 
to the circuit, and the lower spring to earth. 

Between the two plates is placed a thin sheet of aluminium, 
fixed at one end to the lower plate, on which it rests as a rule. 
When the tension reaches a certain value the static attraction 
raises the sheet of aluminium, which then touches the upper 
plate, and consequently puts the circuit to earth, so that the 
current which passes is sufficient to melt the lead fuses. 

The Cardew apparatus may also be arranged in the following 
manner : The sheet of aluminium is placed about 3 mm. below 
a metal disc, mounted on a stem which is connected to the 
secondary circuit by means of a very fine fusible wire. This wire 
holds the handle of a spring switch, the blocks of which are con- 
nected to the poles of the primary circuit of the transformer. 
When the difference of potential between the secondary circuit 
and earth reaches the limit (generally 400 to 500 volts), the sheet 
of aluminium is attracted by the metal disc ; a current passes to 
earth which melts the fusible wire, causing the spring switch to 
break the primary circuit. 

The Drake and Gorham apparatus is based on the same 
principle as the above. A strong vertical stem, connected by a 
horizontal piece to a brass disc, passes through a glass cylinder, 
whose ends are closed with ebonite covers. The stem is in com- 
munication with the circuit. A second stem, connected to earth, 
carries a second brass disc, facing the first, and to it is attached a 
sheet of aluminium. This sheet is attracted by the first disc, 
when an uivdue rise of potential takes place and puts the circuit 
to earth. 

The Thomson-Honston Co. uses an apparatus which consists 
of three blocks. The two outside blocks are in the circuit, and 
are connected by a spring, which is firmly pressed against the 
third block, which is connected to earth. Between the spring and 
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the third block is inserted a piece of special paper, which insulates 
the spring from the block. When the tension exceeds a given 
value, the paper is burnt and the circuit put to earth. 

The weighted cut-outs of l£r. Perranti work in the following 
way : A very thin fusible wire g (fig. 253) is placed as a shunt to 
the secondary, and it carries a weight f. When the potential 
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Fig. 253 Fig. 354 

increases, the wire melts and the weight f falls between two 
blocks D D, so that the secondary is short-circuited, and the lead 
fuses of the primary melt. The weight in falling may, if required, 
work a switch which cuts out the transformer. 

In another arrangement (fig. 254) the fusible wire is inserted 
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in the secondary g of a little transformer h, the primary of which 
is placed as a shunt to the secondary circuit 



§ lo. Treatment of Persons Suffering from Shock 

On the request of the Minister of Public Works, the Academy 
of Medicine appointed a committee, consisting of MM. Bouchard, 
D'Arsonval, Laborde, and Gariel, to draw up instructions for the 
treatment of electrical accidents. The following is the text of the 
report : When a person meets with an accident due to contact 
with electrical conductors or generating machines there may still 
be contact when help arrives. When this is the case special 
precautions must be taken in breaking the contact, otherwise the 
person who is attempting to assist may also receive a shock. If 
possible it is best to stop the generator at once. If this is 
impossible, the circuit should be cut by means of an instrument 
with insulated handle, or a connection to earth of low resistance 
should be made at the point where the victim is in contact, so as 
to diminish the current passing through his body. 

The victim should be carried at once into an airy place, and 
all the people dismissed except three or four assistants. 

The clothes should be undone and efforts made as quickly as 
possible to re-establish circulation and respiration. 

To restore respiration there are two chief methods of pro- 
cedure — ^pulling the tongue and artificial respiration. 

In the first method open the mouth, and if the teeth are closed 
separate them with the fingers, or a piece of wood, knife handle, 
the back of a spoon or fork, the end of a stick, &c. 

Take hold of the upper part of the tongue firmly between the 
finger and thumb of the right hand — ^using a pocket-handkerchief 
is necessary to prevent slipping — and pull the tongue backwards 
and forwards regularly about twenty times a minute. 

This should be kept up for half-an-hour at least. 

In the second method lay the victim on his back, with the 
shoulders slightly raised, the mouth open and the tongue quite 
free. Seize the arms at the elbows and lay them on the breast, 
then carry them above the head, describing the arc of a circle. 
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Repeat this operation about twenty times a minute, contmuing it 
till natural respiration is restored. . 

It is best to start by pulling the tongue, and apply artificial 
respiration, if possible, afterwards. • i • 

It is an advantage to try at the same time to restore circulation 
by rubbing the surface of the body, striking the body with the 
hand or a moistened handkerchief, throwing cold water on the 
face, and applying to the nostrils ammonia and vinegar. 
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CHAPTER VI 

DISTRIBUTION OF THE CURRENT 

§ I. Selection of the Frequency 

When the current is to be used for lighting purposes, the frequency 
should not be less than 30 for incandescent lamps and 40 for arc 
lamps. 

We shall briefly review the influence of the frequency on the 
iron losses, the prime cost and the line losses. 

Losses in the Iron. — ^With the sheet iron generally employed, 
which has a thickness of '5 mm., the loss by hysteresis and eddy 
currents per cubic cm., expressed in watts, is given by the equation : 

W = F B IO~^ {*003 B*' + -0004 F B ID" }. 

From this equation we can determine the value which we must 
assign to the maximum induction b, in order that the loss per 
cubic cm. may be constant. 

The values of b given at the end of Chapter I. are for a loss of 
•015 to 'o 1 8 watt per cubic cm. We see that b is not quite in- 
versely proportional to f. For a loss of '015 watt we have for 
F = 60, B = 4450, and for f = 120, b = 2700. 

Alternators. — As will be seen on reference to Chapter I., the 
frequency has no marked influence on the lag, due to the self- 
induction of the alternator itself, nor on the effective short-circuit 
current. 

The cost of an alternator decreases with the increase of 
frequency. 

Transformers. — The section of iron in a transformer is given 
by the equation : ^ 

<|>, = BS = ^"^'^^^ 
2 7rF«, 



w — 
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Other things being equal, ^^ decreases at the same time as the 
frequency increases. 

The loss in watts per cm. length of the iron is : 

= >/iELi? 1 .003 B« + -0004 F B IO-4 . 
27r«i i ) 

The loss increases with b and f, so that in each case there is a 
frequency for which the sum of the cost of purchase and the cost 
of the energy lost is a minimum. 

However, as a general rule, the higher the frequency, the less 
is the prime cost. Another point must be considered, viz. the 
cooling surface of the transformer, which is proportionately greater 
in small apparatus than in large. 

In America, where each feeder is supplied by a special alter- 
nator, and where little transformers are installed in the customers' 
houses, a higher frequency can be adopted than in Europe, where 
the tendency is to employ sub-station transformers of large power. 

Motors. — ^The number of poles depends on the number of 
revolutions, and the frequency ; the lower the frequency, the fewer 
poles and magnet-coils are required. The diminution of the 
section of the iron, which is analogous to that in the case of 
transformers, does not compensate for the extra cost of the 
increased number of poles. 

Besides, as the number of magnet coils (for the same speed) 
increases with the frequency, the effective magnetisation current 
increases at the same time. 

The table in Chapter I., which gives the relation of the num- 
ber of poles, the frequency and the. speed, shows the effect of the 
frequency on the number of poles {c must be taken = 2/). For 
a frequency of 40 to 50 a 4-pole motor has a maximum speed of 
1,500 revolutions per minute, which is not excessive for a motor 
of small power; at a frequency of 130, a lo-pole motor makes 
1,560 revolutions per minute. 

According to the table of M. Hospitalier, at the beginning of 
Chapter V., for a frequency of 50, which is usual in Europe, the 
effective resistance of a circular conductor 2 cm. in diameter does 
not differ appreciably from the ohmic resistance, whilst at a fre- 
quency of 130, as is general in America, the increase of resistance 
is 20 per cent. 
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We see, therefore, that with a frequency of 130, it is not 
possible to have a large network without excessive line losses, 
unless flat or hollow conductors are used, which is always very 
costly and involves great complications. 

If we consider, besides, that the loss of energy in armed cables 
increases with the frequency, we must come to the conclusion 
that when the distribution is effected by means of sub-stations, 
for lighting purposes the most advantageous frequency lies 
between 40 and 60 periods. 

In the case of distribution by transformers in the customers' 
houses, the frequency may be raised, especially if the network is 
underground, for in such case the capacity of the cables will to a 
certain extent annul the effects of self-induction. 

In the case of transmission of power (when no direct lighting 
current is required), especially when the transmission is effected 
by means of overhead wires, it is better to adopt a still lower 
frequency; for this reason Professor Forbes fixed upon a fre- 
quency of 16*67 in the installation at the Niagara Falls. 

§ 2. Classiflcation of the Systems of Distribution 

There are five principal divisions : 

(L) Direct distribution. 

(ii.) Distribution with transformers, 
(iii.) Distribution with condensers, 
(iv.) Distribution by polyphase current. 

(v.) Mixed distribution. 

§ 3. Direct Distribution 

Up till the present very few stations, distributing alternate 
current direct, have been installed, for when the district is com- 
pact continuous current is generally used. 

However, in certain cases it is an advantage to employ this 
system. For example, in order to economise copper in an arc- 
lighting system, several lamps may be joined up in series. 

In the case of continuous current, when one of the arcs in 
series is required, the energy supplied is the same as if all the arcs 
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were lighted, for the excess of the E.M.F. must be absorbed by a 
resistance. This is not the case with alternate currents, for the 
potential may be varied by means of choking coils without any 
appreciable waste of energy. 

The Westinghouse and Thomson-Houston Companies use 
direct systems of distribution for lighting the streets by means of 
incandescent lamps. 

In the Westinghouse system (fig. 255), the incandescent lamps 
are placed in series in a primary circuit, which may also be 
employed to feed transformers. At the terminals of each of the 
lamps L, a choking coil b, of small ohmic resistance, is placed in 




Fig. 255 

shunt. If the filament of a lamp breaks, this coil is put in series 
with the circuit, and its self-induction produces an apparent 
resistance equal to that of the lamp, so that the other lamps 
continue to work under ordinary conditions. 

In the Thomson-Houston system the lamps are also placed 
in series in a shunt to the primary circuit, which also feeds 
transformers. 

Each lamp is provided with a device which inserts an equiva- 
lent resistance in the circuit when a filament breaks. This device 
is of the following construction : A spring connected to one of 
the terminals of the lamp rests on a block connected to the other 
terminal, from which it is insulated by means of a piece of special 
paper. This bit of paper will stand the ordinary difference of 
potential at the terminals of the lamp (about 20 or 25 volts 
effective). If the filament breaks the paper is subjected to the 
total difference of potential of 1,000 volts, and is destroyed : the 
current then passes through the equivalent resistance. The other 
lamps work, therefore, under normal conditions. 
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Professor Elihu Thomson, before transformers came into com- 
mercial use, designed a three-wire system of distribution which 
may be considered as a combination of direct distribution and 
distribution by transformers. 

His compensator (fig.* 256) consists of a ring of iron on which 
is wound a single wire, the ends of which, a and b, are connected 
in shunt to the direct alternator circuit. The middle of the 
wire, D, is connected to two outer wires of the two three-wire cir- 
cuits, the other two outer wires being connected in shunt to the 
direct alternator circuit at f and o. 




Fig. 356 



The middle wires of the two three-wire circuits are joined to the 
wire wound on the ring at points c and e, which are the middle 
of A D and B D respectively. 

The compensator acts as a transformer, of which the trans- 
formation ratio is variable, and the lamps connected across the 
outer wires and the middle wire work at constant potential, what- 
ever the loads of the four circuits. 
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§ 4. Distribution with Transformers 

Transformer systems may be divided as follows : 

(i.) The transformers are placed in series in the primary 
circuit and the consuming devices in series in the secondary 
circuits. 

(ii.) The transformers are in series in the primary circuit and 
the consuming devices in parallel on the secondary circuits. 

(iii.) The transformers are joined in parallel to the primary 
circuit and the consuming devices in series in the secondary 
circuits. 

(iv.) The transformers are joined in parallel to the primary 
circuit and the consuming devices in parallel to the secondary 
circuits. 

Remembering the characteristic properties of transformers, 
. which are — (i) If the effective current traversing the primary is 
kept constant, the effective current in the secondary also remains 
constant. (2) If the effective E.M.F. at the terminals of the 
primary remains constant the secondary E.M.F. is also practically 
constant ; we notice that there are really only two distinct systems, 
viz. the first and the last. We shall now examine these systems. 

(i) Transformers in Series in the Primary Circuit. — In this 
case the current is kept constant. 

Messrs. Gaulard & Gibbs adopted this arrangement in theii 
celebrated experiments at Turin, which initiated the commercial 
use of the alternate current transformer. 

In these experiments the primary circuit consisted of an over- 
head line of chrome bronze 37 mm. in diameter, 50 miles long 
and of 130 ohms resistance. The generator was a Siemens 
alternator (134 alternations per second), driven by a 30 h.p. engine. 
Five transformers were joined up in series in the primary circuit 
and lighted 60 incandescent lamps, as well as an arc. 

The Westinghouse Company apply this system to arc lighting, 
for the effective current both in primary and secondary being 
constant, the light is rendered very steady. 

These installations are specially designed for street lighting, 
but private installations are supplied, and some customers, who 
wish to avoid the cost of a transformer, have their lamps installed 
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directly in the primary circuit, in spite of the great danger 
accompanying this proceeding. 

Fig* 257 gives the plan of such a circuit, and is due to Dr. 
Fleming, a a are lamps installed in private houses, fed by trans- 
formers ; B B are private lamps, installed directly in the primary 
circuit ; c a street lamp, supplied by a transformer. If the number 
of lamps does not exceed • 60, the effective primary current is 
fixed at 10 amperes and the primaries and secondaries of the 
transformers have the same number of turns. 
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Fig. 357 

If the circuit is to supply current to more than 60 lamps, the 
effective current in the primary^is 60 ampferes ; all the lamps are 
then placed in the secondary circuits of transformers, for the 
primary current is then too large for ordinary lamps. 
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Fig. 258 

Each circuit is fed by a special alternator, and there is no 
special arrangement for the regulation of the current, since the 
Westinghouse arc lighting machines are self-regulating, the mag- 
netic flux and, consequently, the E.M.F. being practically pro- 
portional to the apparent resistance of the primary circuit. 

(2) Transformers in Shunt to the Primary Circuit — Little 
transformers may be placed in every house (fig. 258), but unless 



DISTRIBUTION OF THE CURRENT 



323 



special arrangements (as indicated by Swinburne) are employed 
all the transformers are constantly in circuit and the average 
efficiency of distribution is very low. 

It is better from the point of view of efficiency to create 
centres of secondary distribution (fig. 2 59), which supply a certain 
area. Each of these centres consists of a number of transformers 
of large size (which have a greater efficiency and cost less in 
proportion than small transformers) which are thrown into circuit, 
in proportion as the load increases, either automatically or by the 
agency of an attendant. This system has two other advantages 
over the first. The number of joints on the primary mains is 
much less, and a joint, however carefully made, is always a source 
of weakness. 
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Fig. 959 

When a transformer is installed in the house of a customer it 
must be of sufficient power to supply all the lamps in the house, 
at one time, but when a sub-station supplies a large number of 
houses the whole of the lamps installed are never lighted simulta- 
neously. As a rule never more than 70 % of the total lamps 
are alight at one time, and this enables a considerable economy 
to be effected in the total power of the transformers installed. 

Ferranti, Kapp, Gordon, and Tomlinson have designed devices 
for altering automatically the number of transformers in service at 
a sub-station. 

In the first arrangement employed by Ferranti a constant 
current passes through two auxiliary mechanisms, each of which 
possesses a magnet, and according to the value of the effective 
current a rocking lever carrying magnets oscillates to one side or 
the other, so as to close or open the primary and secondaries of 
the transformer. 

Y 2 
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Ferranti also employs switches worked by a little motor, and 
Kapp has also followed this plan. 

Tomlinson connects the sub-station to the central station by 
means of a fine wire circuit. The central station is warned by a 
bell each time it is necessary to throw in a new transformer or cut 
one out. The fine wire circuit is used to work relays which 
actuate the switches. 

The Westinghouse Company, at the Sardinia Street Station, 
which places transformers in the houses of the customers, arranges 
the primary circuits in the shape of double rings round blocks of 
houses, as shown in fig. 260. It is thus possible to take up apart 
of the circuit for repairs without putting out any lights. 
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Fig. 260 



When several feeders or primary circuits start firom the 
station, and the potential is very high, it is a good plan not 
to place them in parallel on the circuit of one alternator (or 
group of alternators running in parallel), since if two of the cir- 
cuits had an earth a general short-circuit would be the result. It 
is safer to feed each circuit from one special alternator (or one 
special transformer if the E.M.F. is raised before sending current 
through the line) or group of alternators. 

The disadvantage of this plan is that if the special alternator is 
disabled no current will be supplied to the circuit. 

To get over this difficulty Swinburne proposed to have recourse 
to a kind of auxiliary transformer d (fig. 261), provided with as 
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many coils as there are alternators, each alternator being connected 
to one coil. The alternators are thus joined in parallel without 
there being any direct connection between the different primary 
circuits. The currents traversing the coils of the transformer are 
only of sufficient size to keep the machines in phase. If one of 
the machines— as, for example, a — is disabled it is cut out, and the 
corresponding coil furnishes energy to feeders i and 2 until it is 
possible to join them up to one of the other alternators or to a 
reserve machine. 

If it is required to raise the potential on the outside circuit a 
special transformer is employed for each primary circuit. As 
Swinburne has pointed out, the alternators may then be grouped 
in parallel on the primary circuits (fig. 262). 

Regulation of Potential.— Three causes affect the potential at 
the terminals of the consuming devices — 




Fig. 261 



Fig. 262 



(i.) The variation of the power loss in the primary circuit, 
(ii.) The variation of the power loss in the secondary circuit. 

(iii.) The variation of the potential at the terminals of the 
secondary, arising from the variation of the load of the trans- 
formers. 

The last two variations may generally be reduced to a size 
which is compatible with the good working of the consuming 
devices by selecting (as we have seen before) good transformers, 
and giving a sufficient section to the secondary conductors. 

The difference of potential at the terminals of the primary 
circuits must not fall below a certain value. For this purpose 
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constant potential difference is maintained between two given 
points in the primary circuit, either automatically or by hand. 
The given points being chosen, the sections of the primary con- 
ductors after leaving these points are calculated, so that the 
variation of potential difference at the terminals of the different 
transformers, due to the power loss, does not exceed a certain 
value. 

If desired the circuit may be so arranged that the potential is 
the same at all points, by employing the system of connection 
shown in fig. 263. 

It is necessary in this case to be able to measure the potential 
difference between two given points in the circuit. For this 
purpose pilot wires may be used. As these are fine wires 
connected across the primary circuit, they are difficult to insulate. 
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Pilot wires Fig. 263 

On reaching the switch-board they are generally brought to a step- 
down transformer, in the secondary circuit of which a voltmeter 
is inserted. To reduce the difl&culty of insulating these wires, the 
step-down transformer may be placed between the given points 
and the secondary circuit connected to a voltmeter on the switch- 
board. 

As pilot wires are very expensive their use may be avoided on 
the following principle : If v is the effective potential difference at 
the station switch-board, r the resistance of the part of the primary 
circuit between the switch-board and the point of constant 
potential, and i the effective primary current, the effective potential 
difterence between the given points will be 

v' = v — R I. 

In the circuiJ: containing the voltmeter are inserted the 
secondary circuits of two transformers ; the primary circuit of the 
first Ti (fig. 264) being connected across the high-tension circuit, 
the E.M.F. is proportional to v. The primary of the second 
transformer Xg, which is called the compensator^ is joined in 
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series with the high-tension circuit, and the E.M.F. of the 
secondary is consequently proportional to r i. 

By winding the two secondaries in opposite directions and 
suitably proportioning the number of turns of each circuit, the 
voltmeter will read the tension v — ri between the two given 
points. 

When the given points are on the switch- board the voltmeter 
must indicate the potential difference at the terminals of the 
alternator. One coil of the alternator may be connected by 
means of a collector to the switch-board and the voltage measured 
directly, or a little transformer may be used, in the secondary of 
which the voltmeter is inserted. 
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Fig. 364 



It is necessary, in order to keep the potential constant at the 
given points, that the potential difference at the alternator terminals, 
and consequently the exciting current, be varied. 

In most stations the alternators are excited by means of one 
or more continuous current dynamos, which are joined up in 
parallel to the general exciting circuit, their field circuits being 
connected in series as a shunt to the main exciting circuit. 

The exciting current of each of the alternators is taken from 
the general circuit (fig. 265). 

Eegulation of the Potential by Hand. — If the circuit between 
two points of which constant potential difference is to be main- 
tained is supplied exclusively by one or more alternators, the 
regulation may be effected by varying the excitation in three 
different ways— 

(a) By varying the resistances rj, rg, &c., inserted in the 
separate exciting circuits of the separate alternators. 

(b) By varying the resistance r, inserted in the general 
exciting circuit. 

(c) By varying the excitation of the continuous current gene- 
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rators by means of the rheostat Rj, which is the most convenient 
method and causes no appreciable loss oi energy. 

When one alternator supplies several circuits the potential in 
the different circuits must be altered without touching the excita- 
tion, which remains constant. (This does not apply to the case 
in which the given points of constant potential difference are on 
the switch-board.) There are three methods of effecting the 
r^ulation in this case — 

(a) By inserting in each of the circuits a rheostat, the resistance 
of which is varied inversely with the load (so that at full load all 
the resistance is cut out). This arrangement has the disadvantage 
of absorbing an energy except when the load is a maximum. 
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Fig. 265 

(b) By inserting in each of the circuits a choking coil, of 
which the self-induction can be altered. By this means the 
apparent resistance can be varied. In this case also there is a 
small loss of energy, due to the ohmic resistance of the coil, but 
not nearly so large as in the former case. 

(c) By arranging in each circuit a device due to Kapp (fig. 
266), the working of which depends on the same principle as the 
compensator for the voltmeter. 

At the end of the circuit a transformer is installed, whose 
primary a is placed across the main circuit, and whose secondary 
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B is in series with the circuit, the potential difference of which 
between two given points is to be kept constant. The number of 
turns of the primary of the transformer is variable by hand, and 
the greater the load the more turns are inserted, so as to com- 
pensate for the loss r i. 

The Westinghouse Company employs a similar system, but 
instead of varying the number of turns of the primary of the . 
auxiliary transformer the apparent resistance is varied either 
automatically or by hand by altering the self-induction. For this 
purpose an iron core n may be moved inside a solenoid s 
(fig. 267). 
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Fig. 267 



Automatic Eegnlation of 'Sot&n^sl.—Lowrie-Hall System, — 
In this system the potential at the station is kept constant. 

In the circuit of the exciter e (fig. 268) the field coils e^ and 
the exciting coils of the alternator e^ are connected in series. 
As a shunt to e^ sl circuit a /^, of variable resistance, is joined up. 
The variation of the resistance of this circuit is effected by 
immersing to different depths two plates of metal /, of triangular 
shape, which are insulated from one another, in an electrolytic 
bath s. The deeper the plates are immersed the less the 
resistance and, consequently, the less the current which passes 
through the exciter field coil e^, so that the total exciting current 
diminishes and lowers the terminal E.M.F. of the transformer. 
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On the other hand, when the plates are raised the resistance of 
the shunt increases, the exciting current grows larger, and the 
E.M.F. goes up. 

In the circuit of two of the alternator coils is inserted the 
primary of a transformer t, the secondary circuit of which is 
^> / ^» h^ ^> h J- This circuit includes two wires, fg and h /, 
which, when no current is passing through them, i.e. when cold, 




Fig. 268 



are stretched taut, as shown by the dotted Hues. In the middle 
oifg is suspended at ^ a cord which supports a lever m /, which 
is capable of rocking about the point /. 

When the wire fg is traversed by a current of sufficient size 
to raise its temperature by a certain amount it elongates, and the 
lever m I makes contact at m. 

The wire h i also has a cord attached at the middle point <?, 
which is joined to a lever rocking on a fulcrum and carrying a 
counterweight /. As long as the wire h i is not elongated suffi- 
ciently (which depends on the effective current traversing it) the 
lever makes contact at r ; but when sufficient elongation has taken 
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place the lever, owing to the action of the counterweight, makes 
contact at q. 

One point, «, of the exciting circuit is connected to the 
switch /«, which, when the lever w / is lowered, is in electrical 
contact with the point r on the lower lever. 

If the switch r is closed the continuous current passes through 
«, w, /, r, the fine wire coil Bg, the terminal v, and back to c. 
If the switch q is closed the current passes through q^ the coil 
Bi, and returns by the terminal v to c. 

The two plates / are suspended by a chain, which passes over 
a pulley x^ and are counterbalanced by a cylinder of soft iron, 
which can move inside the coils Bj and Bj. 

The apparatus works in the following way : 

Suppose the voltage of the alternator (and consequently that 
of the two armature coils) increases, the current in the secondary 
of the transformer t increases, the wires fg and h i elongate, the 
switches m and q are closed and a current passes through the coil 
Bj^ which attracts the iron cylinder and lowers the plates /. These 
plates dip into the electrolytic liquid, the resistance of the shunt 
diminishes, and the current in e^ diminishes, so that the excitation 
of E diminishes, the current in e^ grows less, and the terminal 
potential difference of the alternator is lowered. 

If, on the other hand, the voltage of the alternator drops, the 
secondary current of t diminishes, the wires get tighter, the cord 
raises the counterweight/, and the switch r is closed ; a current 
passes through the coil Bg, which pulls down the iron cylinder, 
raises the plates /, and increases the resistance between these 
plates. The resistance of the shunt increasing, more current 
passes through tf, and the potential difference at the terminals of 
the alternator is raised. The apparatus would work without the 
wire/g and the lever m /, but it is easy to see that if the secondary 
circuit of the transformer t were broken the switch r would be 
always closed (if the wire htwere not broken), so that the 
excitation, and in consequence the voltage of the alternator, would 
increase more and more. If, on the contrary, the wire A i were 
broken the switch q would be permanently closed, and the voltage 
of the alternator would drop more and more. 

The wire/g breaks the circuit through the switch m when the 
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secondary circuit is interrupted, for it is no longer traversed by a 
current, and is consequently stretched taut, thereby raising the 
lever k L 

Regulation is effected by displacing the counterweight/. The 
current shunted between n and c causes no trouble in the working 
of the exciter ; in fact, the coils Bi and Ba are of large resistance, 
so that the shunted current is very small. 

It is necessary occasionally to reverse the connections of the 
plate /, so as to reverse the action of the bath. 

The inside of the coils b, and B2 is filled with glycerine, so that 
the iron cylinder acts as a dashpot. 

The apparatus is generally connected as shown, but it is 
evident that it might be used to regulate the potential diflference 
at any point of the network. In such case, instead of inserting in 
the primary of the transformer t two of the coils of the alternator, 
it is sufficient to insert in it the secondary of a transformer, the 
primary of which is in circuit with the pilot wires, connected to the 
secondary of a transformer placed at the given point. 

Thomson- Houston System, — ^The compound Thomson-Houston 
alternators maintain automatically a constant difference of potential 
at a given point in the primary mains (see Chapter I.) 

Ganz System (Zipemowsky, D^ry, and Blathy). — The Ganz 
firm uses two kinds of automatic regulators. 

{a) An apparatus maintaining constant potential difference in 
the exciting circuit. 

{b) As such circuit is fed by a special transformer, constant 
potential difference may be maintained between two given points of 
the circuit by varying the excitation of the corresponding alternator 
by the insertion of a variable resistance in the shunt circuit of 
the general exciting circuit (rheostats r^, ^2, &c., fig. 269). 

{a) Eegulation of the Voltage of the General Exeiting 
Circuit. — The field coils of the alternators are connected across 
the general exciting circuit", and the current circulating in each of 
the field circuits may be regulated by rheostats rj, r^y &c., either 
by hand or automatically. 

The exciters e^ £3 are also joined in parallel to the general 
exciting circuit. Their own exciting circuits e^, e^ are placed in 
parallel across a shunt to the general circuit, in which an automa- 
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tically varied resistance r is inserted. The hand rheostats r, and 
Ra serve to regulate simultaneously the excitation of the exciters, 




so that they supply the same current as is seen from ammeters 
a I and a^. 
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The voltmeter v indicates the tension in the general exciting 
circuit. 

The coil b is traversed by a current the size of which depends 
on the voltage of the general circuit, According to the size of 
this current a trough full of mercury is lowered or raised. 

The automatic rheostat r is formed of wire carrying vertical 
prolongations of different lengths. When two of these prolonga- 
tions dip in the trough c the portion of the wire between them is 
short-circuited and the resistance of the rheostat diminished. 
It will be seen that as the trough c rises the resistance of r 
decreases. 

When the voltage in the 
general circuit rises the current 
in the solenoid b increases, 
the trough c descends, the 
resistance r increases, the ex- 
citation of the exciters de- 
creases, and the voltage in the 
general circuit drops. 

On the contrary, when the 
voltage in the general circuit 
drops the tr9ugh c rises, the 
resistance r decreases, the ex- 
citation of the exciters in- 
creases, and the voltage of the 
general circuit rises. 

The hand rheostat Rj is 
called the potentiometer. It 
serves to regulate once for all 
the voltage which is to be maintained in the general exciting 
circuit, which is to be kept constant, for on the value of this 
resistance depends the current of the coil B, 

Fig. 270 shows the details of the automatic rheostat. The 
plunger of the solenoid is formed as to the upper part of iron, and 
as to the lower part of brass, so that the current circulating in the 
solenoid tends to lower the whole. This plunger is guided by 
wheels. At the bottom is a hollow box floating in a water 
reservoir, so as to balance the whole weight and allow of easy dis- 
placement. 




Fig. 270 
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This arrangement, which may appear at first sight rather com- 
plicated, works in a very smooth way. 

ip) Eegnlation of the Potential at any Point of the Primary 
Circnit — In the station a transformer t^, called an equaliser^ is 
placed in the circuit of the feeder (fig. 271). The primary of this 
equalising transformer is in series with the main alternator circuit, 
and the secondary is joined by a wire a b to this circuit. 

The effective E.M.F. Vj at the terminals of the secondary of 
the equaliser is proportional to v, the effective potential of the 
alternator. Through a and c there passes a current of effective 
value /, and the difference of potential between c and d is 
Vi — r^ /. 




Alternator 



The difference of potential at the given point is v — r i ; rj 
can therefore be chosen so that Vj — r^ i is exactly proportional 
to v — R I. 

The E.M.F. at the terminals of the primary of the transformer 
T2 is therefore proportional to the potential difference at the given 
point. The indications of the voltmeter v, placed in the secondary 
of the transformer Tg, are also proportional to the potential 
difference at the given point. 

In the secondary of the transformer Xg is inserted an automatic 
regulating apparatus with mercury trough similar to that described 
above, which varies the resistance r, inserted in the shunt, to the 
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general exciting circuit supplying the alternator under con- 
sideration. 

When the voltage at the point of constant potential increases 
the effective current in the coil* increases, the trough c descends, 
the resistance r increases, the excitation of the alternator and con- 
sequently the E.M.F. diminishes, so that the voltage at the given 
point drops. 

When, on the other hand, the voltage of the line decreases the 
current circulating in coil b decreases, the trough c rises, the 
resistance r decreases, so that the excitation and the E.M.F. of 
the alternator increases. 

The indications of the voltmeter v and of a pilot lamp l 
allow of the alteration by hand of a resistance inserted in the 
branch of the general exciting circuit supplying the alternator, va 
case the automatic apparatus is not employed. 

§ 5. Distribution with Condensers 

M. Boucherot, of the Wehyer and Richemond Co., has 
designed a system of distribution at constant current in which he 
employs choking coils and condensers : this system is very 
economical for the lighting of large districts. 

It is sufficient to keep constant potential difference at a given 
point in order that the current may be constant in a circuit, in 
which the lamps are placed in series. 

M. Boucherot has shown that if we place in series under con- 
stant difference of potential a capacity and a self-induction such 
that K^ L ^ = I, we can collect in a circuit (which may have 
capacity or self-induction), joined indifferently to the terminals of 
the condenser or to those of the self-inductive coil, a current 
whose value is constant and equal to 

KL 

Eg in this case representing the effective E.M.F. 

M. Boucherot has not yet been able to test his system with 
arc lamps, but has made very conclusive experiments with incan- 
descent lamps. 
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A step-up transformer, furnished at the temiinals of the 
secondary 2,000 volts, at a frequency of 40 ; in the secondary 
circuit were inserted a condenser and a self-inductive coil. 

In a circuit which could be connected across either the con- 
denser or the self- inductive coil terminals 30 incandescent lamps, 
taking i ampere and 30 volts, were inserted. 

The resistance, therefore, might vary from 30 ohms (one lamp 
in circuit) to 30 x 30 = 900 ohms (all the lamps in circuit). 

When some of the lamps were switched off there was no per- 
ceptible flickering in the light of the rest, even when there was 
only one lamp alight. 

This method of distribution would be very convenient and 
economical for the lighting of large spaces by means of arc lamps. 
In series with the primary high-tension circuit a condenser and a 
choking coil would be placed near the point where the light was 
required ; and at the terminals either of the choking coil or con- 
denser the secondary circuit would be connected with all the 
arc lamps in series. Any lamp could then be extinguished with- 
out affecting the rest by simply short-circuiting it. 

§ 6. Distribution by Polyphase Currents 

Polyphase currents are used principally for the transmission of 
power to a large number of small motors : in this case the regu- 
lation of the potential is effected either automatically or by hand 
by simply varying the excitation. 

When it is desired to connect lamps to the network they may 
be distributed in such a manner as to balance the circuits, and 
regulation may be effected as before. This system may be 
employed with best results when the power absorbed by the 
lighting is small in comparison to the total power. 

When the distance which the power is transmitted is not very 
great the biphase system with single return wire or the triphase 
system with star connections may be used, for very great varia- 
tions of resistance in the circuits only cause small changes in the 
E.M.P\ and the lags. 

When, however, the network reaches a certain size this 
arrangement is not practicable. In this case the star system of 

z 
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connection must be used (for the central station and the 
secondaries of the transformers), and if the power required for 
lighting is large the lamps must be placed in one of the circuits. 

This method is employed by the Oerlikon Co. and Siemens 
and Halske at the Dresden Station. . 

It is sufficient to keep the potential constant in the circuit in 
which the lamps are installed. 

This system has the disadvantage of being expensive in in- 
stallation : the alternators must be built, so that the circuits may 
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Fig. 272 



be equal and two of them may furnish less power than the third. 
Moreover there is always flickering in the lamps when a large 
motor is being started. 

To avoid this disadvantage at Dresden Herr Ulbricht has 
designed the following system : For the distribution of power 
one or more triphase alternators are used ; when power for 
lighting is required another alternator or group of alternators is 
started, with two instead of three of their circuits closed, these 
two circuits corresponding to the lighting circuit (connected in 
triangle fashion, as shown in fig. 272). The lamps are connected 
across wires i and 2 at l. m is a motor, Aj a triphase alternator 
furnishing power required by the motors, Ag an alternator one of 
whose circuits, corresponding to wire 3, is not closed, A3 an 
alternator not on the mains. 
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M. Steinmetz has designed a system of distribution which he 
calls the monocyclic system, in which the lamps work on a mono- 
phase circuit and the motors on a triphase circuit, either at 
starting only or during the whole time they are running. 

The primary network may consist of three or only two wires, 
the first system being advantageously used with overhead wire 
and the second with underground cable. 

System with 3- Wire Primary Network, — The alternator a (fig. 
273) is provided with an ordinary winding Bi Bj, and a supple- 
mentary winding B3 placed in the space left in the first winding, 
so as to produce an E.M.F. 90° in phase behind the first. One 
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Fig. 273 

of the ends of the supplementary winding is connected to the 
middle of the winding Bi B2 at a, and the other end is joined 
to wire 3. The ends of the principal winding are joined to the 
other two-line wires. 

The transformer t,, in the secondary circuit of which the lamps 
are placed, has its primary connected across line wires i and 2. 

Ti and T2 are two similar transformers, of which the two 
primary circuits are joined in series with the middle e joined to 
wire 3. 

Z2 
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If o A and o b (fig. 274) represent the E.M.F.'s developed in 
the windings Bi and b^, and oc the E.M.F. developed in B3, it is 
easy to see that o d represents the E.M.F. acting in the primary 
of Tj and o e that acting in the primary of T3. 

The E.M.F. 's induced in the secondaries of Tj and T3 may be 
represented by o f and o g. 
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Fig. 274 
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Fig. 875 



o G represents the E.M.F. in the conductor i', o f that in the 
conductor 2'. The E.M.F. in 3' will be the resultant of —of 
and — o G or — o H == o h'. It will be seen that if the lines od 
and OE make an angle of 120^, the three E.M.F. 's will be 120'' 
apart in phase. 

In this case we must have : 



OA 

oc 



= tan 60° = 1732 ; 



00 = -^ =-57740Ai 
I 732 
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that is to say, the E.M.F. developed in the secondary winding 
must be about one-quarter of that developed in the winding b, Bj. 

System 0/2- Wire Primary Network, — t (fig. 275) represents the 
transformer, connected in parallel to the primary network which 
is traversed by a monophase current. 

Across the wires i -and 2 connected to the secondary circuit 
of this transformer is joined up a motor m of which the winding 
is Bi Bg : this motor has a second winding placed in the intervals 
between the first. One of the ends of B3 is connected to the 
middle of Bi B2 and the other to wire 3. The counter E.M.F. 
developed in the supplementary winding is retarded in phase by 

an angle - in relation to that in Bj Bg. Mj represents an asyn- 
chronous motor. 




Fig. 276 



If ^1, ^2> ^3 (fig- 276) represent the E.M.F.'s developed in the 
three wires, the E.M.F. in the circuit i, o will be (^1 — ^2 — ^3)* 
We have : 



0D=20A = tfi — tfo 



O F = O C = — tf 3. 



o E represents the E.M.F. in the circuit i, o. 

The E.M.F. in the circuit 2, o will be (e^ — ^j — ^3), and 

will be represented by o g. 

The E.M.F in the circuit 3, o will be, (e^ — ^1 — e^ — e^. 
It is easy to see that if f o g = 60° the three E.M.F. 's will be 

retarded 120*' behind one another. 
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To satisfy this condition we must have : 

— ^ = tan 30° ^3 = '5774 (<?i + ^2). 

€x + ^2 

The three E.M.F.'s are not equal, but for motors it will be 
sufficient to proportion the number of turns so as to obtain 
uniform revolving fields. 

In the monocyclic system the motors may either work con- 
tinuously as triphase motors or only work at starting as triphase 
motors, afterwards running as mpnophase asynchronous motors. 
In the latter case it is arranged so that the counter E.M.F. in the 
circuit 3' (fig. 273), or in the circuit 3, o (fig. 275), is very great, 
so that when the motor revolves at its normal speed (near that 
of synchronism) no current circulates in the corresponding circuit. 

§ 7. Mixed Distribution 

In mixed systems of distribution the high-tension alternate 
current is used for the transmission of the power ; at the place 
where the energy is to b6 used for lighting a motor is installed 
which drives a continuous current dynamo. 

The first example of this method of distribution is the lighting 
of the town of Cassel. The current furnished by monophase | 
alternators, driven by turbines, is transmitted to the town, where 
synchronous motors drive continuous current dynamos, working j 
in parallel with a set of accumulators. j 

At Bockenheim the Lahmeyer Company has put down a | 
system of distribution in which asynchronous triphase motors j 
serve as rotary transformers for continuous current, j 

At Budapest the Schuckert Company has put down biphase 
dynamos outside the city (fig. 277). In the city synchronous 
motors drive continuous current machines. 

The Thomson-Houston Company also employs a mixed 
system for electric tramways. At Lowell, U.S., this company 
has constructed sub-stations, each of which supplies one section ; 
these sub-stations contain a rotating transformer of triphase into 
continuous current. At the generating stations one of the tri- 
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^ase alternators also supplies continuous current for the nearest 
section. The sub-stations are about 4 miles apart. 

A similar system is in vogue for a tramway line from Dublin 
to Pembroke. 
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Fig. 277 



§ 8. The Secondary Circuits 

Secondary circuits may be formed of two or more wires ; it is 
only necessary to divide the secondary of the transformer in a 
number of sections equal to the number of wires used less one ; 
each section must have the same number of turns, and the wires 
will start from the ends of these sections. 

As we have already seen, there are two general methods of 
arranging transformers — 

(i.) Placing them in the customers' houses. 

(ii.) Placing them in sub-stations. 

When the network is underground, the house transformers are 
placed, as a rule, in the cellar. When the network is overhead the 
transformers may be placed in the garret ; in America the trans- 
formers are placed either on the fagade of the house or on a post 
near. 

Whenever it is possible it is better to place the transformer 
outside the house — under the pavement, for instance. In any 
case the transformer must be placed permanently in a spot safe 
from water and fire, and must be locked up, the key being left 
with some responsible person. 
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Bevice of Mr. Swinburne. — In order to avoid the loss due 
to hysteresis, which, as we have seen, is of very considerable 
relative value when the output of the secondary is small, Swin- 
burne has designed the follovdng apparatus (fig. 278), which 
arranges that a certain area only shall be lighted when a certain 
number of lamps are in use. 

The primary circuit (i) (2) is provided with a switch ah^ 
which is closed when a bar o a is kept horizontal by the action 
of an electro-magnet e in the secondary circuit. 

If the secondary current falls below a certain value, the 
attraction of the electro- magnet not being able to hold up the 
weight p, the lever o a takes the position o a' and the primary 
circuit is broken. 




Fig. 278 

When it is desired to restart the current the requisite number 
of lamps must be switched on and the bar da brought into 
contact with the magnet. 

In large private installations Swinburne employs two trans- 
formers, one of small size and the other large enough to furnish 
the energy for the maximum number of lights. This large trans- 
former can be cut out by an automatic switch. 

When the large transformer is in use and the load falls low 
enough for the small transformer to negotiate, the switch is 
actuated, the primary and secondary of the large transformer 
being broken and the secondary of the small transformer closed. 

When the load exceeds the capacity of the little transformer 
the large one must be thrown in by hand. Warning is given by 
the decreased brilliancy of the lamps. 
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Begnlation of the Tension in the Secondary Circuit.— In 

an important secondary network the variations in the voltage may 
exceed the limits necessary for the good working of the lamps. 
To remedy this defect the arrangement adopted by the Westing- 
house Company (fig. 267) may be employed, the voltage being 
altered by moving the plunger n in the solenoid s. If the regu- 
lation is not automatic the solenoid must be placed in the house, 
which means introducing the high-potential mains. 

The same company also makes use of two other devices for 
regulating the potential in the secondary circuit, the house regu- 
lator and the stage regulator. 

In the house regulator (fig. 279) a coil ad which acts by its 
self-induction, and which is also placed sufficiently near the 
transformer to be .influenced by it, is placed in shunt across the 
lamp leads. 

A 




By means of the switch c the number of turns in parallel and 
in series may be varied, so that the lamp voltage can be altered 
and may reach a higher value than at the transformer terminals, on 
account of the induction of the transformer on the coil a d. 

The apparatus is installed in a box, and in order to move the 
switch c it is only necessary to turn a button. A pointer attached 
to the button is moved opposite the figure on the dial correspond- 
ing to the number of lamps lighted. 

The stage regulator (fig. 280) must be capable of producing 
a greater variation of the voltage, for it is necessary at times to 
lower the lights to a great extent. 

A solenoid has a certain number of turns in series with the 
circuit and the rest in shunt. A soft iron core n, of very nearly 
the same length as the part of the solenoid connected in shunt, 
may be moved inside the solenoid. 

When the core has reached its lowest limit the self-induction 
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of the portion of the solenoid which is in shunt is increased ; the 
apparent resistance of this part is then very great, so that the 
lamps burn with full brilliancy. 




9 9 V Y Y 



Fig. 280 

In proportion as the core is raised the self-induction of the 
part of the coil in series is increased, and that of the part in shunt 
diminished, so that the lamps become less bright. 

The apparatus is in the form of a long horizontal coil, and a 
handle allows of moving the soft iron plunger backwards and 
forwards. 
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Fig. 281 



The stage regulator of Herr Miiller, of Nuremberg, is 
represented in fig. 281. a and Aj are the terminals of the 
primary, p the primary winding, s the secondary winding of the 
transformer. The various turns of the secondary are connected 
to wires /,, l^^ &c., which communicate with the different groups 
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of lamps, Li, L2, L3, &c. It will be seen that by placing the lever 
hi of the first regulator so that the group of lamps Lj is in com- 
munication with ig^ we get the maximum light, whilst by placing 
it so that communication is made with l^ we get the minimum 
amount of light. The coils ^,, b^, &c., are arranged so as to 
obviate the effect of a short-circuit between two consecutive turns 
of the secondary in virtue of their self-induction. Regulator R3 
is arranged differently, and only requires half the number of coils. 
These coils not only serve the same purpose as those in Ri andR2, 
but also act as choking coils. When the lever is at ^g, and it is 
moved to ^1, there is a diminution of light, although the same 
turn of the secondary is connected to the lamps, for coil b^ is 
then in circuit. It would be possible to connect a choking coil 
between two bearing surfaces of the arm of the switch, and in this 
way avoid the use of a large number of coils ; but the construction 
of the switch would be a great deal too complicated. 

Ries has applied the principle of the choking coil to the 
regulation of the luminous intensity of a single incandescent lamp. 
The choking coil with iron core is placed inside the support. 
The wires composing the winding are joined into a cable, and 
their ends are soldered to a number of contact pieces. 

The different wires are connected in series, and by means of 
a contact arm the number of active turns, and consequently the 
self-induction and apparent resistance, can be varied. 

Other inventors have arranged lamps with several filaments, 
which are joined up one after another, but this system is incon- 
venient and expensive. 

When the variations of voltage in the secondary circuit do not 
exceed the limits for good working of the lamps the normal 
voltage of the latter must be chosen, so that it corresponds very 
nearly to half-load on this circuit. There is then the least 
difference on the one hand between the maximum and the normal 
voltage, and on the other hand between the minimum and the 
normal voltage. 
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§ 9. Special Apparatus Employed for Alternate Cnrrents 

Switches. — Switches used on high-tension mains are always 
double-pole, ix. they break the two parts of the circuit simul- 
taneously. The opening of the circuit must be quick, and the 
blocks must be placed at a certain distance apart, according to 
the sparking distance in air. 

It is a good plan, in the case of high-tension work, to enclose 
the switches in glass boxes and only leave the handle uncovered. 

The Ganz Co., in their central stations, use a very ingenious 
switch, which allows of the connection of any one of the alter- 
nators in the station to any one of the primary circuits, and of 
making all changes without any extinction or flickering of theligH. 

Bar I. A lt, A. Bar 2. AU. A. 




Fig. 282 

Each of the ends of an alternator circuit is connected to a 
bar, which has as many vertical rods hanging down as there are 
circuits of distribution (fig. 282). 

Each of the ends of the distribution circuits is connected 
similarly to a bar with as many vertical rods as there are alternators. 

Corresponding pairs of vertical stems are put into electrical 
contact by means of mercury cups, so that an alternator may be 
joined up to a primary circuit. 
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The two cups v^ and Vj, which are full of mercury, and which 
make contact between an alternator a and a circuit by are placed 
on a platform p, carried by two rods t (one of which is interrupted 
in the figure), which are united by a cross bar b. This cross bar 
may be raised or lowered by a crank m, at one end of which is 
fixed a rectangular piece e, and at the other a handle d, by which 
it may be moved horizontally. 

When the crank is in such a position that the piece e is inside 
a grooved piece f, which is carried by a spindle g, with a bevel 
wheel H keyed on the end, the crank is capable of being rotated 
by means of the spindle g, so that when a half-turn is given to the 
spindle the platform is raised or lowered. 

When the handle d is pulled back, so that the piece e is no 
longer in the groove f, the crank is not in connection with the 
spindle g. 

All spindles such as g are geared by bevel wheels, en- 
gaging with the wheels h to a general spindle, provided with a 
cranked arm, so as to be capable of being revolved through 180°. 

When this general spindle is rotated all the pairs of cups, for 
which the corresponding pieces e are in the grooved pieces f, are 
raised or lowered whilst the others remain stationary. 

When it is desired to replace one alternator by another the 
cranks corresponding to the two pairs of mercury cups of the 
alternator of the mains and the primary circuit, and of the 
alternator which is being started up and the primary circuit, are 
coupled up by means of the handles d. 

The new alternator is run up to speed on a suitable resistance, 
and then a half-turn is given to the general spindle. 

The two cups which were raised, and were making contact 
between the first alternator and the circuit, are lowered, and at a 
certain moment this alternator is disconnected. 

The other pair of cups is raised and makes instantaneous contact 
between the new alternator and the circuit. 

This operation is so exact that no flickering of incandescent 
lights can be observed. 

The Westinghouse Co. also use a special switch for this 
purpose. On the panel corresponding to a feeder (fig. 283) is 
placed a switch, by means of which it is possible to connect this 
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circuit to any alternator or group of alternators, and to substitute 
quickly one alternator for another. 

The figure shows the connection for three alternators. The 
alternator circuits ii', 22', 33' are joined to brass blocks «, ^, c^ a', 
^', ^, which are placed between two bars, h^ g^ h\ g'. Plugs serve 
to connect the blocks to the bars. These bars are in communi- 
cation with a central switch, of which the principal part is a double 
lever, the limbs of which are in electrical contact with the feeder 
conductors 4 4'. 




Fig. a8^ 



If the double lever is raised, f f' is put into communication 
with G g' ; if the lever is lowered, it is with h h' that contact is 
made. In an intermediate position the lever connects f f' to 
both G g' and h h'. 

To connect alternator No. i with the feeder the plugs are 
inserted to connect blocks a and a' to bars gg' and raise the 
double lever. 

Suppose No. 3 is turning round slowly in reserve, and that 
plugs c d and h h' are inserted. 

If the alternator No. i fails the switch-board attendant orders 
the engine-driver to run up No. 3 to full speed. It is then only 
necessary to quickly lower the double lever to change over the 
feeder on to No. 3 alternator. No flickering can be perceived in 
the lights on feeder 4 4'. 
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Two alternators may be thrown in parallel, e.g, i and 2, by 
first regulating them by means of a phase synchroniser and then 
placing plugs between b b' and g^. 

Choking Coils. — Dr. Hopkinson was the inventor of the 
choking coil. This apparatus is similar to a transformer, but it 
has only one winding, the counter E.M.F. of self-induction being 
the active principle. For example, to run a 50-volt lamp on 
loo-volt mains it is necessary in the case of a continuous system 
to absorb 50 volts by a resistance and thus lose half the total 
energy. 

The choking coil in the case of alternate current produces a 
lag which increases the apparent resistance. The energy lost is 
small, being only what is absorbed by the ohmic resistance of the 
coil. 




Fig. 284 

Fig. 284 shows the ordinary shape of choking coils. A copper 
winding, with a small number of turns, is placed on a part (about 
\ circumference) of an iron ring of laminated plates. 

Inside this ring is placed a disc of laminated iron, which can 
revolve round the axis of the ring. The disc is placed very near 
the ring, but does not touch it. It is attached to a copper 
sleeve which envelops the ring, and is of such breadth as to just 
cover the coil. 

This sleeve actually forms a closed circuit of very large section, 
placed round the ring, which it fits as closely as possible. 

The principle of this regulating mechanism is that the presence 
of a closed secondary circuit diminishes the impedance of the 
primary. Therefore when the sleeve is over the coil the 
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impedance is very small, and as it is removed the impedance 
increases. 

The disadvantage is that when the sleeve is directly over the 
coil it is traversed by very large currents, which of course lead to 
a considerable loss of energy ; but it is a great advantage to be 
able to vary the self-induction in a continuous manner without 
breaking the circuit. 

This apparatus may be used to lower the tension at any point 
in the circuit, or serve as a stage regulator, to vary the brilliancy 
of a group of incandescent lamps. 

Safety Fnses. — For high-tension mains special arrangements 
must be employed, to prevent the formation of an arc when the 
fuse melts. 

Ferranti uses for this purpose stone boxes, in which the lead 
fuses are placed. This system is excellent, but it takes up a lot 
of space. 

Mordey places the fuses in a glass cylinder, in which there is 
an inert powder which, when the fuse melts, prevents the formation 
of an arc. 

Weston has improved the Mordey system ; he places two 
fuses in parallel, one of large section and the other very fine. 
The wire of large section is arranged like an ordinary low-tension 
fuse, the other in a cylinder filled with inert powder. The wire 
of large section melts the first, but no arc is formed, for the 
current passes through the fine wire, which in its turn melts, but 
the powder prevents any arc from forming. 

Fuses should be of a certain length, 2 inches at least, for 
when the wires are short the influence of the clamps is enormous ; 
for example, a wire \ inch in length will carry a current twice the 
size of that which a wire 8 inches long, of the same section, will 
carry. 

In 1884 Preece communicated the following formula for 
calculating the section of fuses : 

/ = a (P^ 

i being the effective value of the current in amperes, d the 
diameter of the wire in mm., and a a constant. 

For copper a = 10,244, aluminium a = 7,585, platinum 



DISTRIBUTION OF THE CURRENT 353 

a = S»i72, one part of tin and two of lead a = i,3i3, pure lead 

« = 1,379- 

Mr. Mathews, when revising these figures, found them some 
per cent, too high. 

Comparing the action of alternate and continuous currents , he 
found that for alternate currents (at a frequency of from 132 to 
250) after 105 hours, the electri(::al resistance of the lead had 
increased 29-6%, whilst with continuous current it had only 
increased 3*5 %. The tensile strength had decreased 7 % with 
the alternate current^ and had not altered with the continuous 
current. Mr. Mathews attributed these phenomena to molecular 
action. 

In a paper read before the American Institute in May 1894 
Messrs. Jackson and Ochoner gave the results of experiments made 
with fuses for from 5 to 30 amperes. The frequency of the 
current was 125 : the length of the wires about 4 yards (they 
were wound on a cylinder of insulating material) : the duration 
of the experiments was from 500 to 550 hours. 

They found, contrary to the results obtained by Mr. Mathews, 
that the increase in resistance did not exceed 1*8%, and that 
the effective current which caused fusion had only diminished 
by 2-2%, 

They attributed the change to the formation of a skin of 
oxide. 



A K 



354 ALTERNATE CURRENTS 



CHAPTER VII 

INDUSTRIAL MEASUREMENT OF ALTERNATE CURRENTS 

The measurements in the case of alternating currents differ 
considerably from those of continuous currents. 

The only measurement which is the same for both is that of 
the ohmic resistance^ bat in very many instances the knowledge of 
this resistance is of little value, for, in addition to the absorption 
of energy by the resistance of the conductor, there is as a rule 
the effect of the sdf-induction, which not only increases this loss, 
but causes an additional complication by retarding the current in 
phase behind the E.M.F. 

The apparent resistance^ which represents the resistance to the 
passage of the current, is the resultant of the ohmic resistance r 
and the self-induction, and, consequently, is a function of the 
frequency of the current. The value of the apparent resistance 
may, therefore, vary for the same circuit. It may be written as 
s/r^ + K^ l', as is well known. When l and r are once known 
it is only necessary to find the value of the root for the different 
speeds of the alternator which is supplying the current in order 
to determine the apparent resistance in each case. 

The other measurements which are most frequently made in 
practice are — 

(i.) Measurement of effective potential difference. 

(ii.) Measurement of effective current. 

(iii.) Measurement of power. 

(iv.) Measurement of instantaneous values of an alternate 
current and tracing the current curve. 

(v.) Measurement of phase difference. 

(vi.) Measurement of self-induction. 
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(vii.) Determination of the quality of iron, 
(viii.) Measurement of the efficiency of alternate current 
apparatus. 



§ I. Ueasurement of Effective Potential Difference 

Electromotive force may be measured by means of sensitive 
electrometers ; the optical method by which a spot of light is 
deflected by means of a concave mirror fixed to the movable part 
of the electrometer is generally employed. 

We shall not enter into a description of electrometers, but - 
shall only indicate their use in the kind of measurement we have 
to deal with. 

For these measurements the armature and needle are arranged 
on the idiostatic method. To understand this arrangement we 
must recall to mind that every electrometer consists of two groups 
of quadrants or armatures and of a movable needle. 

In the application of the idiostatic method to continuous 
currents one of the groups of quadrants is charged to a potential 
Vi, and the other, which is preferably connected to the movable 
needle, to a potential Vj. 

Under these circumstances the deflection obtained must 
satisfy the equation 

8 = K (vi - v^)\ 

K being the constant of the apparatus. 

We see, then, that the difference of potential is proportional 
to the square root of the deflection 8 ; consequently, when using 
the electrometer with alternate currents, the average diflerence of 
potential will be proportional to this quantity V& 

Now, as we have the equation 



.M.F. and (e^) 



E, being the effective E.M.F. and (e^)^ the average square, it 
follows that 
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and therefore an electrometer calibrated for continuous currents 
will also be correct for continuous currents. 

The chief difference between the electrometers used com- 
mercially and those employed in the laboratory consists in the 
method of suspending the moving part. 

For laboratory work, where great care is taken of the instru- 
ments, very fine wire, or even silk thread, may be used for suspen- 
sion ; this gives the apparatus great sensibility, but also great 
delicacy, which prevents rapid measurements being made. 

In commercial electrometers it is still possible to use wire 
suspension (the wire being stronger), but pivoted bearings or 
knife-edges are generally preferred, so as to allow electrostatic 
voltmeters to be made of the same shape as the voltmeters usually 
employed for continuous current. 

Lord Kelvin has designed a special voltmeter, which he calls 
multicellular. There are a large number of quadrants, so as to 
increase the couple which causes the deflection of the needle. 
This type of instrument allows of obtaining a large deflection with 
too volts and upwards when a thick wire suspension is used ; but 
or very accurate measurements and for special circuits it would be 
interesting to know whether these instruments do not cause a 
perturbation in the circuit by the introduction of the appreciable 
capacity of the quadrants. 

The second category of industrial voltmeters are those in 
which the deflection is produced by the warming of a wire owing 
to the current traversing it : these may be called thermal volt-- 
meters. This instrument is generally composed of two distinct 
parts— first, the part which expands under the action of the heat 
generated ; and secondly, a non-inductive resistance, to give the 
instrument the necessary resistance. 

As, in accordance with Joule's law, the heat generated is pro- 
portional to the square of the current, the deflections of the 
instrument are proportional to the square of the current, which is 
produced by the squ^ire of the difference of potential at the 
terminals 

With alternating currents it is evident that the deflection wi'l 
be proportional to the mean square of the difference of potential, 
The^refore the effective potential difference will be proportional to 
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the square root of the defleetions, and the instrument may be 
calibrated with a continuous current. 

Industrial instruments of this type give sufficiently accurate 
indications, but they have the disadvantage of being cumbersome, 
for the wire, the expansion of which is measured, must be of a 
certain length, so that the external dimensions of the instruments 
must be of considerable size. 

The last category consists of soft iron voltmeters^ which are 
much used industrially. 

Just as with continuous currents, these instruments require 
that the iron which they contain should be saturated by the 
smallest current passing through the instrument, and they must 
be calibrated for a definite frequency, so as to render constant 
the perturbation due to self-induction. 

Instruments based on this principle should not be considered 
exact ; they only give approximate indications. 

It is imperative to split the metal bobbin which holds the 
winding, so as to eliminate the intense Foucault currents which 
would otherwise result 



§ 2. Ueasnrement of the Cnrrent 

There are two ways of doing this* (i) We c^n measure the 
potential difference at the ends of a resistance (without self- 
induction), the value of which is known, by means of a volt- 
meter (by preference an electrometer), the capacity of which will 
have no influence on the value of the current circulating through 
the resistance ; this perturbation need not be feared, as the 
capacity of ordinary electrometers is very small. Under these 
circumstances, the potential difference at the terminals of the 
resistance being in phase with the current, we can write, in accord- 
ance with Ohm's law : 

current ^ Potential diff eren^ge^ 
resistance 

(2) We can use an electro-dynamometer^ the best known type of 
which is the Siemens. 

The first method needs no explanation ; in practice it is a 
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great advantage in the case of heavy currents, which would require 
a large and costly electro-dynamometer. 

The second method is more rapid and is more generally used. 
The electro-dynamometer is perhaps the most accurate industrial 
instrument, and unless it is subject to external influences always 
remains the same. The principle of the dynamometer is to 
utilise the repulsion which is exerted on one another by two 
circuits, one fixed and the other movable, traversed by currents in 
opposite directions ; the torque is balanced by a spiral spring, 
the angular torsion of which, necessary to bring the movable coil 
to zero on the scale, is a measure of the current. 

The angle through which the spring is twisted is proportional 
to the square of the current which traverses the two circuits of 
the instrument in the case of a continuous current. Consequently, 
in the case of an alternate current, the deflection of the spring is 
proportional to the mean of the squares of the instantaneous 
values of the current — that is to say, is proportional to the square 
of the effective current. It is sufficient to calibrate the instrument 
with a continuous current of known value ; in this way the 
constant k of the instrument is determined, and for aily deflection 
6 we have : 

effective current = k \/S7 

The electro-dynamometer, although it requires delicate hand- 
ling, is yet a very accurate instrument, more especially on account 
of the small tension of the spiral spring. 

Its principle has been applied by Lord Kelvin to a series of 
industrial instruments which allow for the different types of the 
measurement of from i centi-ampere to 10,000 amperes. These 
instruments have received the name of balances and are much 
employed in England ; they are very accurate. 

All types of electro-dynamometers possess too small a number 
of turns for any perturbation to be caused by self-induction in 
any circuit in which they are inserted : they are, therefore, most 
valuable for alternate current measurements. 

The approximate measurement of alternate currents may be 
effected by means of the industrial instruments called ammeters^ 
with a soft iron needle, like the voltmeters mentioned above : the 
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conditions of working and the disadvantages are the same as in 
the case of the voltmeter. It should be observed that the self- 
induction of these instruments is so small as not to cause any 
perturbation in the circuit in which they are inserted : further^ 
contrary to what obtained in the case of soft iron voltmeters, this 
self-induction cannot modify the current passing when the fre- 
quency changes. 

§ 3. Heasurement of the Power 

The power of an alternate current of instantaneous value 1 and 
E.M.F. e is given by the equation 

w = tf . j'i 
or w^ = (effective E.M.F.) x (effective current) x cos^ 

for the power during a complete period. 

Consequently the power can be measured by means of 
separate voltmeters and ammeters only when ^ the angle of lag, is 
known. 

To measure the power by one instrument of a practical 
qharacter recourse must be had to the wattmeter^ which is a direct 
descendant of the electro-dynamometer. 

One of the circuits, consisting of a few turns of thick wire, is 
traversed by the total current to be measured ; the other circuit, 
formed of a very fine wire, with as little self-induction as possible, 
is put in shunt across the points between which the potential 
difference exists which causes the current to circulate. If then 
the self-induction is zero the small current circulating in this 
fine wire coil will be equal to the quotient of the difference of 
potential by the resistance of the wire : consequently this current 
is proportional to this potential difference and in phase with it. 

As a result, the deflection of the wattmeter being proportional 
to the product of the currents circulating in the two circuits, the 
permanent deflection will be proportional to 



- r 

T Jo 



ei dt^ 



which when integrated gives 

E (effective) x i (effective) x cos ^ 
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The wattmeter will, therefore, give by a single reading the 
value of the power, provided that there is no perturbation due to 
self-induction of either of the circuits, or to the mutual induction 
of one circuit on the other. But as a general rule this is not the 
case, and wattmeters can only be used with the same frequency as 
that for which they are calibrated. 

The value of the power as a function of the deflection is given 
by the expression 

i\ I + K»Ci* ^ deflection, 

M I 4- K^ Ci C^ 

in which r^ is the resistance of the fine wire circuit, m a constant, 
K = ?^, Ci and Co the time constants of the fine wire and thick 

T 

wire circuits respectively. 

This expression, which Dr. Fleming calls the correction factor 
of the wattmeter, can only be constant when Ci = o, i.e, when the 
fine wire circuit has no self-induction, or when Ci = Cj, /.tf. when 
the two circuits have the same time constants^ 

In these two cases the correction factor becomes ^, and the 

M 

readings are accurate whatever be the fi^equency ; but these con- 
ditions imply that the wattmeter causes no perturbation in the 
circuit in which it is inserted, for Cj is not zero, ue, the thick wire 
circuit must possess some self-induction : this is contrary to what 
obtains in practice, for every effort is made to make Cj = o, which 
reduces the correction factor to the expression 

M ' 

The value of this expression will be more nearly constant 
the nearer Ci = o. 

The ideal values, therefore, are 

c, =3 C2 = o. 

The extreme sensibility of instruments based on the principle 
of the electro-dynamometer allows of this condition being very 
nearly fulfilled, for it is sufficient to place a few turns on the fine 
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wire coil, which is movable, and form the rest of the fine wire 
circuit of a resistance r^ wound non-inductively and having no 
part in the electro-dynamic action which causes the deflection. 

Just as in the case of dynamometers, no metallic masses must 
be used in their construction, as they may falsify the measure- ^ 
ments, owing to the Foucault currents produced in them. 



§ 4. Heasurement of Instantaneous Current Values and 
Tracing of Current Curves 

All methods of tracing current curves are derived more or less 
from the method of instantaneous contact, invented by Joubert in 
1881 ; possibly the electro chemical methods of M. Paul Janet 
may be an exception. 

Joubert's method consists in measuring the current during an 
indefinitely short time, corresponding exactly to the same point 
in each phase ; the instantaneous impulses, which are thus com- 
municated a great number of times per second, produce in the 
measuring instrument a permanent deflection, the value of which 
varies with the instant at which the measurement is made. 

His apparatus is arranged as follows : On a prolongation of 
the alternator spindle a little commutator is arranged, with a 
double contact, consisting, firstly, of a pointed wire fixed radially, 
against which a fixed brush rubs during a fraction of a second. 
This pointed wire communicates with a metal ring, which forms 
the other part of the commutator and on which a brush rubs 
constantly. 

If it is desired to measure the instantaneous potential differ- 
ence between the two terminals of the alternator, an electrometer 
is arranged which is connected directly to one of the alternator 
terminals and to the other alternator terminal through the com- 
mutator we have just described. In this way a permanent deflec- 
tion is obtained on the electrometer, which will give the instanta- 
neous value corresponding to the point of the phase at which 
instantaneous contact is made by means of the point and brush. 

To completely study a periodic current a series of measure- 
ments must be made, corresponding to a complete phase, by giving 
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the fixed brush small angular displacements in the same direction 
round the axis of rotation. 

Each measurement corresponds to a new point in the phase, 
very near the last one ; using a suitable scale the results can be 
plotted as ordonnates on a sheet of paper, the distance between 
the ordonnates being proportional to the angular displacement of 
the fixed brush. When the ends of these ordonnates are joined 
the current curve is obtained. 

This graphical method is the only one which allows of study- 
ing the working of any alternate current apparatus, for it shows at 
once all the special features of such apparatus, and the working 
can be seen at a glance, just as in the case of a steam-engine 
indicator diagram. 

Any deformations at any one part of the curve are easily 
discovered in this way. 

This method of Joubert has, however, the disadvantage of 
obliging the operator to take a series of measurements ; it would 
be infinitely preferable to obtain automatically a continuous 
tracing of the curve : M. Blondel has effected this by the aid of 
photography. The deflections of the measuring instrument are 
shown by the displacement of a luminous ray which, after reflec- 
tion from the concave mirror of the electrometer or galvanometer, 
falls on a sheet of sensitive paper rolled round a drum. Clock- 
work works both this drum and the instantaneous contact brush, 
so that the two movements are proportional. The image of the 
luminous point is impressed on the sensitive paper, and traces 
on it a curve which represents the variation of the alternating 
current. 

This method of tracing a current curve is very ingenious, but 
not suited for industrial requirements ; however, in practice there 
is no need to make such delicate measurements, and in a labora- 
tory the method presents no difficulties. 

M. Blondel, instead of employing a sensitive electrometer, 
prefers to use an ordinary condenser charged by the instantaneous 
contact and discharged by another instantaneous contact into an 
aperiodic galvanometer of the Deprez- D' Arson val type. 

To avoid the vibration of the movable brush at the moment 
at which it impinges against the point, M. Blondel prefers to sink 
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the point in an insulating disc, the surface of which is carefully 
turned up ; the brush bears on this disc and is not jerked at the 
moment it makes contact. 

There is another very simple method of obtaining instantaneous 
contacts. It consists in replacing the brush by a small jet of 
conducting liquid, flowing in a direction normal to the axis of 
rotation of the commutator. The contact pomt is replaced by a 
very thin well-mounted knife-edge, placed in a radial plane, which 
cuts the liquid jet without any splashing. Acidulated water may 
be employed as the liquid. 

With this arrangement the liquid jet can only be displaced 
by a relatively small angle about its higher vertical position, so as 
not to introduce any error due to the curve which the liquid jet 
would follow when it did not flow in a position near the vertical. 

All the methods we have just examined are fairly convenient 
when near the alternator producing the current ; but this condition 
cannot always be realised. 

We may then proceed in the manner Dr. Fleming has indi- 
cated ; he mounts the commutator on the spindle of a small 
synchronous motor, which is specially built to absorb very little 
energy, to produce at the same time very little perturbation in the 
phase difference of current and E.M.F., and, finally, to revolve as 
nearly as possible absolutely in synchronism with the alternator. 

Dr. Fleming states that these conditions can be realised quite 
sufficiently in practice. In this manner a study may be made of 
the current curves at various points of the network. 



§ 5. Heasxiremeiit of Phase Difference 

This is a measurement very seldom made, and it has no 
practical importance except when it is desired to ascertain the 
working of an installation or special piece of apparatus. For 
example, in the study of an alternator or transformer it is useful 
and even indispensable to know the lag of the current in the 
primary and secondary circuits. But when such investigations 
are undertaken it is imperative to trace the curves, and under 
these circumstances it is unnecessary to measure separately the 
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phase difference, for this quantity can be determined from th<? 
curves. 

In order to measure the difference of phase between two 
isolated currents, of which the instantaneous values at the same 
moment are /, and i^ the following method of procedure may be 
pursued : 

If the two currents differ in phase by an angle <^ they may be 
written as 

/j rsij sin K/. 

ij = ij sin (k / — <^). 

Take three electro-dynamometers, two of which are in circuit 
with the two currents respectively, whilst the third is in circuit 
with both currents at once, one circulating through the fixed and 
the other through the movable circuit. 

We shall have as the three deflections of the dynamometers 



8. = ^ 



8, = '-l-i?cos^ 

2 



V 5 __Ill2 



whence we get 

COS^: 






2 



This method is not true in general, because it assumes that the 
currents follow the sine law, which is far from being invariably the 
case. 

To measure the phase difference between two currents with 
curve of any shape whatever there is no exact method except the 
plan of measuring the lag from the curves traced experimentally. 

§ 6. Measurement of Self-induction 

The determination of the self-induction is, as we have seen, of 
the highest importance in alternate current investigations, but it is a 
very difficult and delicate operation : it is only in the case of circuits 
of constant permeability, i.e. containing no iron, that the measure- 
ment is quite accurate. For circuits of variable permeability 
recourse must be had to methods which only give an approximate 
idea of the self-induction. 
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To measure accurately the self-induction of constant permea- 
bility circuits Ayrton and Perry have invented two methods?. 

First Method of Ayrton and Perry. — ^The coil to be tested 
is placed at l (fig. 285) in a Wheatstone bridge. There is a 
commutator c, driven with a uniform rotating motion, and which 
at every revolution — 

(a) Breaks and makes the circuit of a short-circuiting resistance 
across the terminals of the galvanometer. 

{b) Opens and closes the battery circuit. 

According to the lead of the 
brushes, the interval between these 
two actions may be varied. 

In taking the measurements the 
following plans are followed : 

(i.) The bridge is adjusted for per- 
manent current ; then, the switch being 
put in motion, resistance is taken out 
of the branch d c till there is no deflec- 
tion of the galvanometer. 

(ii.) Equilibrium being obtained for 
permanent current the balance is upset 
by removing a certain resistance p 
from the branch c d. The commuta- 
tor is then started, and its speed in- 
creased till there is no deflection. The speed of the commutator 
is measured, and from the number of revolutions is deduced the 
time, T, which has elapsed between the making of the circuit and 
the short-circuiting of the galvanometer. 

Under these conditions the coefficient of self-induction is 

L =T/). 

Instead of measuring t on the commutator it is preferable to 
determine it electrically by means of a coil of known self- 
induction. 

The accuracy of the method increases with the number of 
revolutions up to a certain limit. 

Second Method of Ayrton and Perry.-- In this method a 
bridge a b c d is used, formed of two branches a, ^, without any 




Fig. 385 
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self-induction ; one branch r, in which is inserted a pair of 
coils, which can be shifted into different angular positions relative 
to one another, so as to vary X, the self-induction of the pair ; 
and the fourth branch having in circuit the coil whose self-induction 
is to be measured. A galvanometer is joined to points b and d, 
and a battery to points a and c. First equilibrium for permanent 
current is established by means of a sliding resistance. Then 
interrupted currents are sent through the bridge by opening and 
closing the battery key, and the equilibrium obtained in this case 
by altering X* When equilibrium is obtained we have 

whence 

o 

The sensibility of this method is the greater the larger the 
number of interruptions per second of the battery current. For 
this purpose Ayrton and Perry have designed a little commutator, 
which opens and closes the battery circuit periodically, and at the 
same time closes the galvanometer circuit and then short-circuits 
it. The instantaneous currents are always sent in the same 
direction through the galvanometer, and the deflections thus made 
are steady. The bridge connections to the commutators are, of 
course, in this case not as shown in fig. 285. 

A similar method may be used for a circuit of variable 
permeability with more or less exactness, but it is evident that, as 
the self-induction varies with the value of the current, it would be 
necessary to employ the heavy currents, for which these circuits 
are designed, and which would not be suitable for a laboratory 
instrument. 

Practically Joubert's method may be employed, as it gives an 
idea of the self-induction under working conditions. This is how 
it works : In series with the apparatus to be tested is placed a 
non-inductive resistance, such as a series of incandescent lamps or 
an electrolytic bath. Let r be the resistance of the apparatus under 
test, and r' the resistance in series. Suppose we send a current 
I through it, and measure by means of an electrometer the 
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potential differences e and e* at the terminals of the resistances 
R and r'. Under these circumstances the effective current is 
expressed as 

e' e 



^ V K^ + K-^ l'^ 



whence 



-Wk^) 






-R^ 



It is evident that there is no need to measure e and e' abso- 
lutely. It is sufficient to take the ratio of the deflections of the 
electrometer. This method has the fault of being based on the 
supposition that the current is sinusoidal ; but even when this is 
not the case it gives an approximate value. 



§ 7. Determination of the Quality of Iron 

As regards alternate currents, there is very little need to pay 
attention to Foucault current losses ; in fact, with the plates 
which are generally used, about p- mm. in diameter, Foucault 
currents are negligible. 

The great source of energy loss is hysteresis : it alone is 
sufficient to always keep a load on the station even when no 
lamps are burning. As a consequence it is important to deter- 
mine the quality of iron from this point of view when, for example, 
it is desired to build a transformer. It does not follow that the 
permeability of any iron should be neglected, but as high per- 
meability and small hysteresis are not always found in the same 
specimen, any sample of iron must be submitted to two kinds of 
tests to be able to judge of its quality. 

For continuous current apparatus, such as dynamos, per- 
meability is the chief requisite, for the variations in polarity are 
not sufficiently frequent to cause any appreciable hysteresis loss. 

We shall first describe the measurement of the permeability. 

Heasnrement of the Permeability. — In manufacturing works 
the most simple method is that due to Dr. Silvanus P. Thomp- 
son. His permeameter consists of a massive soft iron frame a 
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(fig. 286), in which a hole a is bored for the insertion of a rod cd 
of the iron to be tested. This rod is surrounded by a coil a d 
which produces the necessary magnetomotive force. By means 
of a spring balance r, or a scale pan loaded with weights (the 
apparatus in this case being turned upside down), the attraction at 
the point d is measured : instead of overcoming the adhesion by 
a very small increase of the mechanical effort it is better to 
diminish the current a little, since this does 
not shake the apparatus. The force p which 
overcomes the attraction is given by the equa- 
tion ; 




P = 



B'S 



8 IT X 981' 



Fig. 286 



p being expressed in grammes, and s being the 
section of the rod in sq. cm.s. The permea- 
bility /i is : 

__ N/8p^r X 981 



As we know that H = 4 tt « / x io"\ /x is easily 
found. 

This method, although not very exact, may be very useful in 
workshops where comparisons rather than exact measurements are 
wanted. 

The fault of this method is that there must be joints which 
always diminish the permeability of the whole circuit. In the 
present case the joint has a very small surface, and requires in 
consequence very careful adjustment. 

For more accurate measurements it is better to determine the 
permeability ft from magnetisation curves traced, like those of 
Professor Ewing, through a complete cycle. If we take a solenoid 
which is very long in proportion to its diameter and insert in it as 
core a sample of iron in the form of a rod, we can by means of a 
ballistic galvanometer measure the total flux ^ traversing the rod. 

If the section is s, the flux per unit of surface will be b = -; and 



1 i«ij 4v«/X io~ 
as-we know the field H = ^ ^ 



, / being the length of the 
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solenoid, we get /* = -. Frequently the sample is in the form of a 

ring entirely covered with the primary winding, the secondary 
being placed at any part of the ring. In any case the shape of 
the sample must be such that the intensity of the field h due to 
the exciting solenoid is constant over a large portion. In the 
case of a short cylinder the field at any point is partly due to the 
field of the solenoid and partly to the poles at either end of the 
cylinder. It is necessary, then, to employ a long solenoid and 
cylindrical iron rod, which should be at least 40 times the diameter 
in length. Under these circumstances the field is almost constant. 
The same result is arrived at by employing a sample of ring form, 
for there are no poles to influence the field. 

When it is desired to determine a series of values of b and h 
so as to construct a curve of hysteresis, the primary current must 
not be interrupted : it must be suddenly 
increased several times in succession, 
and the deflection measured each time 
on the ballistic galvanometer in the se- 
condary. Each point in the curve is the 
resultant of all the preceding impulses 
of the galvanometer, starting from the 
specific induction corresponding to 
H = o. Every error, therefore, affects 
all the points of the curve. 

The method due to Evershed and Vignoles seems to us the 
most accurate. On a ring formed of the iron to be tested are 
placed three windings (fig. 287) : the first or secondary winding 
s is connected to the ballistic galvanometer g ; the other two or 
primary windings are used to produce the magnetising force. 
One of them is traversed by a constant current, — «, which pro- 
duces an induction corresponding to the lower point of a hysteresis 
curve of Ewing. The second winding is traversed by a variable 
current, producing a magnetising force opposite to that of the 
first coil, and which can vary from o to +2« : it is evident, there- 
fore, that the ampere turns acting on the iron will be equal to th e 
resultant of the ampere turns due to the two coils, and the iron will 

B B 
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be submitted to a magnetising force varying from — « to + nr 
ampere turns. 

To make a test the constant current is first started in the 
first winding ; and in the second sufficient resistance is inserted, 
so that when the circuit is closed the algebraic sum of the ampere 
turns gives the desired value of the magnetising force. The 
deflection of the galvanometer is noted, and the resistance then 
diminished, so as to get the maximum positive value — ^viz. 
— »-f2«=-J-« ampbre turns. The second circuit is then broken 
and the ampbre turns return to their maximum negative value -^». 

This course is pursued for each point on the curve. In practice 
the two primary windings are superposed. Thb method is very 
convenient : all error may be avoided by recommencing the test, 
and, as the galvanometer deflection is larger than in the preceding 
method, greater accuracy is obtained. The descending curve is 
obtained by reversing the currents. 

As it is sometimes inconvenient to construct a ring, Dr. 
Hopkinson*s apparatus (fig. 288) may be preferred. A rod is 




Fig. s88 

prepared of such dimensions as to fit accurately into the holes 
ac^bd'vci the soft iron frame a b, the joints being so large as to 
be of negligible magnetic resistance in comparison with the rod. 
The primary windings are divided into two coils e d ; and the 
secondary winding consists of a little coil ab placed at the 
middle of the rod. 

Measurement of the Hysteresis.— The hysteresis varies fi-om 
one to three times its value not only in the same batch of iron, 
but even in one plate : bending, or torsion, or any other opera- 
tion which affects the molecular structure, may cause the 
hysteresis to vary. The measurement of the hysteresis by the 
tracing of the complete curve obtained by the ballistic method is 
an operation which can only be carried out in a laboratory. 
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In Ewing's method a sii\all bundle of plates, cut in the shape 
of a long rectangle, can be driven by hand with a rapid rotating 
motion round an axis. This small bundle revolves between the 
poles of a magnet of c shape^ which is mounted on knife-edges on 
an axis which is a prolongation of the axis of rotation of the plates. 
A pointer fixed on the magnet indicates the angular displacement. 
During rotation the power absorbed by the reversals of polarity 
as a result of the hysteresis exerts an effort on the magnet and 
brings it into a new position, making a certain angle with its 
original position. The torque on the magnet is evidently inde- 
pendent of the speed, and consequently when the latter has 
reached a certain value in relation to the time of one oscillation 
the deflection of the magnet becomes permanent, whatever the 
increase of speed. If, however, the speed becomes too high 
induced currents may falsify the readings, and consequently a 
dash pot is provided to deaden the oscillation. 

The sensibility is regulated, as in a balance, by raising or 
lowering a little mass of metal by means of a screw. 

The deflections are very nearly proportional to the hysteresis ; 
the large air-gap ensures the constant magnetic resistance of the 
circuit, so that the field is practically constant, whatever class of 
iron is being tested. The induction in the bundle of plates is 
usually 4,000 C.G.S. units, and to vary this the number of 
plates must be changed. 

Every instrument is accompanied by calibrated specimens and' 
tables giving all necessary data. 

§ 8. Measurement of Efficiency 

(i) Alternators. — ^The direct method in which a transmission 
dynamometer is employed is the most exact. The prime mover 
is connected to the alternator by a transmission dynamometer 
showing the power supplied. The output is measured 'by a watt- 
meter, and the ratio of the two quantities gives the efficiency. 
The power used in excitation must be taken into account. If a 
transmission dynamometer is not available the indicated h.p. 
of the engine must be measured, and also the brake h.p. by means 
of a Prony brake, so as to know the efficiency of the prime mover. 



372 ALTERNATE CURRENTS 

The alternator may be driven by a continuous or alternating 
motor of known efficiency, if there is one of sufficient power at 
disposal. If sufficient power is not at hand to ^ve the full 
output of the alternator the methods due to Mordey, Ayrton, 
Sumpner, and Blondel may be used, as they require practically no 
power, but, on the other hand, are liable to inaccuracy. 

(2) Motors. — ^The measurement in this case is just the same 
as for alternators : the power supplied is measured by a watt- 
meter, and the mechanical power by a Prony or absorption brake. 
The same indirect methods may also be employed as in the case 
of alternators. 

(3) Transformeri. — The secondary circuit is connected to a 
non-inductive circuit, such as incandescent lamps. The power 
supplied to the primary is measured by a wattmeter, and that 
yielded by the secondary by means of an ammeter and volt- 
meter. 

Other methods are the Mordey calorimetric method, the 
Ayrton and Sumpner 3-voltmeter method, a«id the Sumpner 
method. 

To estimate the loss on open circuit the power supplied to 
the primary when the secondary is open is measured on a watt- 
meter ; this gives the hysteresis and eddy current losses as well as 
the c^R loss in the primary. 

To determine the c^r losses at full load in both windings the 
secondary is short-circuited through an ammeter, and the current 
raised to its normal value by raising the potential of the primary, 
which then reaches its normal value. Under these circumstances 
the losses in the core become negligible, and the power supplied 
to the primary is almost equal to the c^r losses in the two 
windings. 
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